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MECHANISM OF BY PRODUCT FORMATION FROM DIFFERENT WATER 
MATRICES BY CHLORINATION AND CHLORAMINATION 
By 
Victoria Hawkes 
University of New Hampshire 
 
Application of chlorine-based disinfection to drinking water and wastewater leads to the 
formation of disinfection by-products that are harmful to human health. This paper presents 
research performed on the formation mechanisms of trihalomethanes (THMs) and nitrosamines 
(specifically NDMA) from chlorine-based disinfection practices. The formation of THMs and 
nitrosamines was investigated under a range of water matrices and disinfection conditions by 
developing a set of laboratory prepared water matrices containing natural organic matter (NOM), 
bromide and ammonium. In addition, two pretreated surface waters and one secondary treated 
wastewater effluent were selected to link experimental results to practice. THMs and 
nitrosamines were measured under a range of chlorine doses along the chlorination breakpoint 
curve to investigate the effects of chlorine dose, NOM, bromide and ammonium on DBP 
formation. 
The formation of NDMA was mainly observed at chlorine doses causing the presence of 
dichloramine, suggesting that critical NDMA formation pathways involve dichloramine. The 
highest NDMA concentrations were measured in wastewater effluent, suggesting that the 
complex NOM composition from wastewater contains many NDMA precursors. THMs were 
primarily of concern during free chlorine disinfection. Results showed that complex organic 
matter, specifically humic substances, were primary THM precursors. Humic acids contained fast 




concentrations. Alternatively, fulvic acids contained slow reacting precursors that were reactive 
primarily with bromide, resulting in lower overall THM formation with higher bromine 
incorporation. The results of this research provide professionals in the water industry with a 
better understanding of THM and NDMA formation and the impact of chlorination practices and 
water quality on DBP formation. 






1.1 Drinking Water Treatment 
Drinking water treatment is necessary to produce safe and aesthetically pleasing water. 
Surface water sources such as lakes and rivers are subject to a wide variety of water quality 
depending on many watershed factors. Due to this distinction, there is not one treatment process 
applicable for all water sources. Every drinking water source requires a multi barrier approach 
using a combination of chemical, biological and physical processes to produce drinking water 
that meets safety and aesthetic requirements. The basic steps of drinking water treatment can be 
summarized as:  
1. Removal of turbidity, color and taste and odor compounds, typically through 
coagulation, flocculation, sedimentation and sand filtration 
2. Destruction or inactivation of pathogenic organisms, through primary chemical 
disinfection (i.e. chorine, chlorine dioxide or ozone) or physical disinfection (i.e. UV 
light and filtration) 
3. Removal and degradation of toxic chemical compounds such as micropollutants, 
typically through granular activated carbon filtration and oxidation (i.e. ozonation) 
4. Secondary disinfection to limit microbial growth in the distribution system, by 




While conventional treatment is still widely used, advanced treatment technologies such as ion 
exchange, membrane filtration and advanced oxidation are being developed, tested and applied at 
full scale to improve treatment efficiency.  
1.2 Drinking Water Disinfection 
Disinfection is the destruction or inactivation of pathogenic organisms and is a critical 
step in drinking water treatment. The importance of disinfection was first established in the late 
1800s when Dr. John Snow discovered that water could spread diseases through bacteria and that 
chlorine could kill bacteria (McGuire et al, 2014). This discovery led to the practice of 
continuous chlorine disinfection in 1905. Since then, chlorine disinfection has been adopted 
around the world and death rates for Typhoid fever and other waterborne diseases have dropped 
drastically (McGuire et al., 2014). In addition to being a strong disinfectant, benefits of chlorine 
include taste, odor and color control, iron and manganese removal by oxidation and ammonia 
removal. 
Chlorine is a strong disinfectant, however some protozoa, such as Cryptosporidium, are 
not inactivated by chlorine. Therefore, in order to provide adequate disinfection and to protect 
the public from disease causing pathogens including viruses, giardia, and Cryptosporidium, a 
multibarrier approach should be adopted to physically remove, inactivate, and disrupt pathogens. 
Disinfection requirements and practices vary around the world. In the United States, the US 
Environmental Protection Agency (USEPA) regulates disinfection through the Long Term 2 
Enhanced Surface Water Treatment Rule (LT2ESWTR, 2006) and requires public water systems 
using surface water to achieve at least 2 log removal of cryptosporidium, at least 3 log removal 
of giardia and at least 4 log removal of viruses. These removals are achieved through a 




physical inactivation. The most commonly applied method for inactivation is chlorine 
disinfection, however in the 1970s it was discovered that chlorine reacts with organic material to 
produce harmful halogenated disinfection by-products (DBPs) (Rook, 1974). Since this 
discovery, the most abundant DBPs have become regulated and alternative primary disinfection 
by ozone or UV light has been developed and implemented.  
While primary disinfection removes or inactivates harmful pathogens existing in the 
water source, there is potential for bacteria to feed on biodegradable organic matter and regrow 
in the distribution system. To prevent bacterial regrowth, many drinking water systems around 
the world practice secondary disinfection. This is achieved by adding excess of a chemical 
disinfectant to maintain a disinfection residual throughout the distribution system. Chlorine is 
widely used for secondary disinfection, however monochloramine is gaining popularity because 
it’s stability enables it to maintain a residual throughout the distribution system and its use limits 
the formation of regulated DBPs. 
In The Netherlands, chlorine-based treatments are avoided for both primary disinfection 
and secondary disinfection. This decision was made in the 1970s/1980s after growing concerns 
over DBP formation by chlorination. Typical surface water disinfection in The Netherlands 
includes the multibarrier approach of physical removal by coagulation, sedimentation and 
filtration followed by inactivation using ozonation, UV light or advanced oxidation processes. In 
order to eliminate the need for secondary disinfection, Dutch water utilities use extensive 
combinations of treatments including biological filtration steps such as GAC or slow sand 
filtration to produce biologically stable drinking water that limits bacterial growth in the 




In summary, disinfection practices vary worldwide. In The United States, chemical 
disinfection is used for both primary and secondary disinfection and a residual is required at all 
points in the distribution system to prevent bacterial growth after leaving the treatment facility. 
In contrast, The Netherlands avoids chlorine based disinfection by implementing physical 
disinfection and extensive advanced treatment processes including biological filtration steps to 
remove as much biodegradable organic compounds as possible. This technique produces 
biologically stable water that does not require secondary disinfection.  
1.3 Wastewater Disinfection 
Chlorine is used in wastewater treatment for disinfection as well as a variety of additional 
purposes such as odor control, septicity and activated sludge bulking control and cyanide 
destruction (White, 2010). In The United States, the USEPA requires municipal wastewater 
effluents to be disinfected prior to being discharged into the environment in order to control the 
spread of disease. Similar to drinking water disinfection, wastewater effluent is disinfected by 
physical, chemical or natural (predation or die-away) means. Common disinfection methods 
include the use of chlorine or other chemical disinfectants (chlorine dioxide, bromine, iodine or 
peracetic acid), ozonation and UV light (White, 2010). Due to high levels of ammonia nitrogen 
as well as natural organic matter and other DBP precursors present in wastewater effluents, 
controlling the formation of harmful DBPs while maintaining adequate disinfection is critical for 
wastewater treatment plants.  
1.4 Disinfection By-products 
In 1974 it was discovered that chlorinating waters containing natural organic matter 
(NOM) produces chloroform and other halogenated disinfection by-products (DBPs) that may be 




presence in chlorinated drinking waters (Kopfler, 1976). That same year, the National Cancer 
Institute published results that chloroform was carcinogenic in laboratory animals (National 
Cancer Institute, 1976). Today, over 600 DBPs have been identified (Richardson, 2011). 
Trihalomethanes (THMs) are one of the most predominant classes of halogenated DBPs and are 
a large focus of research and regulation due to their toxicity and abundance in drinking water. In 
efforts to reduce THM formation, secondary disinfection by chloramination is replacing 
chlorination in many drinking water utilities (Mitch et al., 2009). Chloramine is a weaker 
disinfectant than chlorine but much more stable, making it ideal for secondary disinfection. 
Chloramination allows utilities to comply with regulations by limiting THM formation and 
maintaining a disinfection residual, however it has recently been discovered to form an entirely 
new, unregulated class of DBP; nitrogenous disinfection by-products (N-DBPs), including 
nitrosodimethylamine (NDMA).   
With increasing occurrence of nitrogen in drinking waters and chloramine disinfection 
becoming more widespread, the study of the occurrence and formation of N-DBPs is gaining 
importance. Research on toxicology and health effects to humans is still emerging, however 
studies indicate that many N-DBPs are more toxic at much lower doses than the regulated THMs 
(Plewa et al., 2008). Nitrosamines, particularly NDMA are a focus of research due to their 
abundance in treated drinking water.  
The main factors influencing DBP formation and occurrence are the type and 
concentration of NOM in the water being disinfected, the presence of inorganic matter such as 
ammonia, bromide or iodide, and the type of chemical disinfectant being applied. These factors, 
in addition to occurrence and toxicology, widely differ between DBP class and type. Therefore, 




DBPs is necessary to develop the best treatment practices to reduce the occurrence and formation 
of harmful by-products and protect public health.  
1.5 PWN and PWNT 
PWN is a water company in The Netherlands that provides drinking water to the Dutch 
province of North Holland as shown in Figure 1.  
 
Figure 1: Map of Dutch water utilities. The area where PWN is responsible for drinking water production 
and distribution is shown in green. PWN uses the Ijssel Lake as their main water source. Retrieved from: 
https://www.krnwtr.nl/wie-zorgt-er-voor-jouw-kraanwater/ 
PWN owns a treatment facility in Andijk that has undergone a series of treatment 
upgrades since the original design in the 1960s (Figure 2). The original design consisted of 
conventional treatment processes including microstraining, breakpoint chlorination, coagulation, 
sedimentation, rapid sand filtration and post chlorination. The plant was upgraded in the 1970s 
by adding granular activated carbon (GAC) filtration and replacing post chlorination with 






added a UV/H2O2 advanced oxidation process. Finally, the most recent upgrade in 2012 replaced 
the coagulation, sedimentation and rapid sand filtration with the application of Suspended Ion 
Exchange (SIX®) and Ceramic membrane microfiltration (CeraMac®) systems. This pretreatment 
combination produces higher water quality which increases the efficiency of the UV/H2O2 
treatment. Treated drinking water is dosed with ClO2 for post disinfection, however the dose is 
low (<0.03mg/L) and not maintained throughout the distribution system.  
 
Figure 2: Andijk PWN treatment facility upgrades 
PWN Technologies (PWNT) is a subsidiary of PWN that was founded in 2009 to provide 
innovative solutions to the challenges of drinking water treatment. PWNT’s Research and 




the SIX® and CeraMac® technologies for the advanced treatment upgrades in Andijk. PWNT 
performs pilot testing of these technologies at various locations worldwide and follows up with 
support for the commissioning of large treatment plants implementing these technologies.   
In addition to advancing drinking water treatment, PWNT is invested in the entire 
drinking water cycle including research on wastewater treatment technologies and the influence 
of wastewater discharge into drinking water sources. Like many water sources across the world, 
the Ijssel Lake, the water source for drinking water production in Andijk, receives secondary 
treated wastewater effluent from a neighboring wastewater treatment plant (WWTP). The 
Wervershoof WWTP treats raw wastewater from the surrounding villages with traditional 
biological treatment processes which include bar screening, grit removal, anoxic and anaerobic 
reactors for biological treatment (Farley, 2018). It is important to understand the influence of 
secondary treated wastewater effluent on a drinking water supply and to study required treatment 
upgrades.  
While drinking water treatment facilities in The Netherlands don’t apply chlorine-based 
disinfection, PWNT is concerned with the study of DBPs for three main reasons. First, PWNT 
partners with drinking water companies worldwide with unique water supplies, treatment 
processes and drinking water regulations so it is important for the company to understand 
formation mechanisms of DBPs under various water quality and disinfection scenarios. Second, 
while Dutch water utilities are able to limit secondary disinfection by producing biologically 
stable drinking water, this is becoming more challenging for large distribution systems, 
especially with increasing water temperatures. Therefore, it is important for PWNT to be 
knowledgeable on DBP formation and the related health effects of chlorine disinfection for 




secondary treated wastewater into the Ijssel lake, where the formation of DBPs following 
chlorination of the wastewater could further cause problems for drinking water production.    
1.6 Research Description 
1.6.1 Research Challenges 
When disinfectants such as chlorine or chloramines react with natural organic matter 
(NOM) in the water being disinfected, harmful DBPs are formed. Formation mechanisms of 
DBPs are complex and depend on the organic and inorganic characteristics of the water as well 
as disinfection practices. Formation, occurrence, toxicology and health concerns vary widely 
between DBPs. Furthermore, treatment strategies that reduce the formation of one type of DBP 
may increase the formation of another. Therefore, it is important to understand the formation 
mechanisms of specific types of DBPs to adequately control DBP formation during drinking 
water treatment and distribution.  
1.6.2 Research Objectives 
The objective of this research is to investigate the formation mechanisms of DBPs under 
different water characteristics and disinfection conditions. This study will provide insight to the 
formation mechanisms of THMs and nitrosamines and link results to current regulations and 
health effects. The three main factors influencing DBP formation that will be explored in this 
research are (1) NOM characteristics and concentrations, (2) concentrations of inorganic matter 
with a focus on bromide and ammonia, and (3) chlorine-based disinfectant dose. Specific 
research questions include:  
1. How does chlorine dose affect THM and nitrosamine formation along the 





2. How does the NOM concentration influence DBP formation? 
3. How does the NOM type influence formation mechanisms of THMs and 
nitrosamines (i.e. humic acids vs. fulvic acids)? 
4. How does bromide concentration influence the formation and speciation of 
THMs?  
5. How does THM formation potential compare to formation under practical 
disinfection conditions? 
1.6.3 Research Approach 
To gain better understanding of the formation mechanism of DBPs, a matrix of artificial 
waters with known concentrations of different NOM types, bromide, and ammonium were 
subject to a range of chlorine doses and analyzed for THMs and nitrosamines. DBP analysis was 
focused on the four regulated trihalomethanes (TTHM) and eight nitrosamines including NDMA. 
In addition to the artificial water matrix, practical water samples from pretreated drinking water 
and secondary treated wastewater were analyzed. The two pretreated drinking waters were 
collected from conventional or advanced treatment from PWN’s drinking water facility in 
Andijk, The Netherlands that treats water from the Ijssel Lake. The secondary treated wastewater 
effluent was collected from the Wervershoof WWTP that discharges into the Ijssel Lake. 
The research work was divided into three phases. First, chlorination breakpoint curves 
were developed for each water sample to determine the chlorine demand and the required dose to 
achieve a free chlorine disinfection residual. Second, water samples were analyzed for DBPs 
under multiple dosing scenarios along the breakpoint curve. In addition to THM formation under 
practical breakpoint conditions, THM formation potential (THMFP) tests were conducted on 




review on the existing knowledge and research on DBPs were compared to the results of the 
DBP analysis to draw conclusions on the formation mechanisms of THMs and nitrosamines. 






2 Literature Review 
2.1 Disinfection Chemistry 
Chlorine is the most widely used disinfectant throughout the world. Chlorine dissolves in 
water to form free chlorine in the form of hypochlorous acid (HOCl) and hypochlorite (OCl-). As 
shown in Figure 3, the distribution of HOCl or OCl- is dependent on pH. At pH < 7, free chlorine 
is predominantly in the form of HOCl. Both HOCl and OCl- are effective at killing pathogenic 
microorganisms and providing residual disinfection throughout a distribution system, however 
HOCl is a much more powerful disinfectant due to a neutral charge (White, 2010).  
 
Figure 3: Theoretical free chlorine distribution between HOCl and ClO- forms as a function of pH at 
25°C 
In the presence of ammonium (NH4+), chlorine will react with ammonium to form 
chloramines. With increasing chlorine doses, several reactions with ammonium will occur (Figure 
4), resulting in the successive formation of monochloramine (NH2Cl), dichloramine (NHCl2) and 





Figure 4: Chlorine - ammonia reaction scheme. Products include N2, H2O, Cl-, H+, NO3-. I represents 
unidentified intermediate compounds (White, 2010). 
This process can be simplified to three primary reactions shown in the following equations: 
𝐶𝑙ଶ + 𝑁𝐻ସା ↔ 𝑁𝐻ଶ𝐶𝑙 + 2𝐻ା + 𝐶𝑙ି    (𝑀𝑜𝑛𝑜𝑐ℎ𝑙𝑜𝑟𝑎𝑚𝑖𝑛𝑒) 
𝐶𝑙ଶ + 𝑁𝐻ଶ𝐶𝑙 ↔ 𝑁𝐻𝐶𝑙ଶ + 𝐻ା + 𝐶𝑙ି(𝐷𝑖𝑐ℎ𝑙𝑜𝑟𝑎𝑚𝑖𝑛𝑒) 
2𝑁𝐻𝐶𝑙ଶ ↔ 𝑁ଶ + 𝐶𝑙ଶ + 2𝐻ା + 2𝐶𝑙ି     (𝑛𝑖𝑡𝑟𝑜𝑔𝑒𝑛 𝑔𝑎𝑠) 
The occurrence of these reactions can be observed by developing a chlorination breakpoint curve 
for a water containing ammonium (Figure 5) by measuring the change in total chlorine residual 





Figure 5- Theoretical chlorination breakpoint curve 
On the breakpoint curve shown in Figure 5, the first 1 mg/L of chlorine dosed is consumed 
by readily oxidized material such as iron and manganese thus there is no residual chlorine. After 
this instantaneous chlorine demand is satisfied, total chlorine residual increases as dose increases 
(points A to B) due to the formation of monochloramine. Theoretically, this increase will occur at 
a 1:1 slope, however in practical conditions the chlorine residual is typically less than the 
chlorine dose due to the fraction of chlorine reacting with other compounds such as organic 
matter (White, 2010). After reaching a peak, chlorine reacts with monochloramine to form 
dichloramine and further reactions result in the loss of chlorine and nitrogen, thus total chlorine 
residual declines (points B to C). The breakpoint (point C), is where the chloramines are fully 
degraded to N2 and Cl- among others. Chlorine dosed in concentrations less than the breakpoint 
consists of combined chlorine (chloramines) while doses greater than the breakpoint results in 




concentration to be dosed to a specific water sample to achieve complete ammonia removal and 
obtain a free chlorine residual. 
The breakpoint curve is unique to every water source depending on the water composition, 
namely: 
1. Concentration of ammonium: Increasing the ammonium concentration will shift the 
breakpoint to a higher chlorine dose. Theoretically, the breakpoint will occur at a 
6:1 Cl2: NH4+ weight ratio (based on the presence of ammonium only). 
2. Concentration and composition of NOM: increasing the NOM concentration will 
shift the breakpoint to a higher dose due to chlorine competition with NOM.  
3. Concentration of reducing compounds such as iron and manganese: these 
compounds are readily oxidized by chlorine and represent the instantaneous 
chlorine demand. If there is a high concentration of these compounds, residual 
chlorine won’t be present until this demand is exhausted. 
Therefore, chlorination breakpoint curves are essential tools to assess the disinfection 
regime to be applied for each water source, whether monochloramine or free chlorine 
















Figure 6: DBP formation 
DBPs form when chemical disinfectants such as chlorine or chloramines react with 
organic precursors, such as NOM, and inorganic precursors, such as bromide, iodide or 
ammonium (Figure 6). In the past 40 years, over 600 DBPs have been identified (Richardson, 
2011). The four primary factors influencing DBP formation are (1) the type and concentration of 
NOM, (2) the presence and concentration of inorganic matter, primarily bromide, iodide and 
ammonia, (3) disinfection practices such as the chemical disinfectant type, dose, and contact 
time, and (4) treatment conditions including water temperature and pH (Reckhow et al., 1990). 
The impact of each of these factors on DBP formation is detailed below. 
2.2.1 Natural Organic Matter 
NOM is organic material consisting of decomposed leaves, soil and debris, algae, or 
background particles and is ubiquitous in surface water (Baghoth, 2012). NOM is made up of 
complex and heterogeneous matter making it difficult to characterize. Since NOM cannot be 
well-defined by molecular structure, standard practice is to fractionate NOM by a variety of 
physical-chemical properties such as solubility, charge, UV absorbance and molecular weight 
and apply general behavioral characteristics to each fraction. Standard methods used to 














First, it is common to group NOM into three fraction by solubility: humin, humic acids 
(HA) and fulvic acids (FA). Humin is insoluble, HAs are only soluble above pH 2 and FAs are 
soluble at all pH (Pettit, 2013). HA generally contains mainly high molecular weight and 
hydrophobic compounds while FA generally contains lower molecular weight and hydrophilic 
compounds.  
Second, ultraviolet light absorbance can be used as an indicator of NOM concentration in 
waters because NOM absorbs light over a wide range of wavelengths. Specific ultraviolet light 
absorbance (SUVA) is a widely used method to characterize aromaticity of the organic matter. 
SUVA is the ratio of the ultraviolet light absorbance at 254 nm wavelength divided by the DOC 
content. As shown in Table 1, SUVA is positively correlated with hydrophobicity, molecular 
weight, aromaticity and humic/fulvic ratio and has been shown to be a good indicator of THM 
formation potential (Baghoth, 2012).   
Table 1: NOM characterization by SUVA (Baghoth 2012) 
 
Third, Liquid Chromatography-Organic Carbon Detection (LC-OCD) uses size exclusion 
chromatography to fractionate NOM by molecular weight. LC-OCD works by injecting a sample 




exclusion chromatography followed by multidetection of organic carbon, UV254 and organic 
nitrogen to group NOM into five fractions: biopolymers, humic substance (humic and fulvic 
acids), building blocks, low molecular weight (LMW) acids and LMW neutrals as shown in 
Figure 7. General descriptions of the fractions are described below (Huber, 2010): 
 Biopolymers are high molecular weight (HMW) >100,000g/mol, hydrophilic and 
non-UV absorbing, 
 Humic Substances (HS) consist of humic and fulvic acids.  
 Building blocks are a sub-unit of HS with slightly lower molecular weight (300-
450g/mol). Building blocks are typically considered to be matter broken-down 
from the HS group, 
 LMW acids are aliphatic, organic acids, 
 LMW neutrals are weakly or uncharged hydrophilic or slightly hydrophobic   
compounds. 
In addition to these parameters, hydrophobic organic carbon (HOC) is quantified as the DOC that 
remains on the column after elution is complete. HOC could consist of natural hydrocarbons or 
slightly soluble humins (Huber, 2010).  
Characterizing NOM by various physical-chemical properties such as solubility, charge, 






Figure 7: LC-OCD chromatogram showing five fraction groups (Simon et al., 2012) 
2.2.2 Inorganic matter 
Bromide (Br-) and iodide (I-) occur naturally in water sources, mainly those impacted by 
saltwater intrusion, and can also be introduced to a waterbody due to anthropogenic factors 
(Kolb et al., 2017). When water containing bromide is chlorinated, HOCl oxidizes bromide to 
form hypobromous acid (HOBr) which further reacts with organic matter to form brominated 
DBPs (Liu et al., 2018). Similarly, chlorinated waters containing iodide can form iodinated 
DBPs. Waters containing bromide and iodide are subject to a shift in DBPs from chlorinated to 
brominated or iodinated species. This is a concern because brominated and iodinated species 
have different health effects and are more toxic than their chlorinated counterparts (Plewa et al., 
2008). In addition, bromide and iodide have been shown to increase the formation potential of 
certain DBPs (Liu et al., 2018).  
Ammonia (NH3) is a form of nitrogen that can be found in surface water sources. Natural 
sources of ammonia include breakdown of organic matter, forest fire debris or human and animal 
waste. Ammonia is present in fertilizers and other industrial applications and therefore can be 




Furthermore, ammonia can be deliberately added during disinfection to form chloramines as an 
alternative secondary disinfectant. The presence of ammonia in drinking water sources can 
interfere with disinfection by reacting with chlorine to form chloramines and can also form 
nitrogenous-DBPs.  
2.2.3 Chemical disinfection practices 
The type and concentration of chemical disinfectant as well as the contact time with 
water compounds are major influencing factors for DBP formation and occurrence. The type of 
disinfectant used (i.e. chlorine, chloramine, chlorine dioxide, ozone, or UV) dictates which type 
of DBP will form. For example, free chlorine disinfection aids in THM formation because of the 
reaction between HOCl and NOM. On the other hand, chloramine disinfection significantly 
reduces THM formation, but increases the formation of nitrosamines and other N-DBPs. This 
research project focuses on chlorine and chloramine disinfection although it should be noted that 
all known disinfectants have been shown to form by-products and identifying a disinfectant that 
does not form any by-products is unlikely (Shah and Mitch, 2012). 
As described in Section 2.1, the chemical dose will determine how much disinfectant is 
available to react with compounds in water and to form DBPs. If ammonium is present in the 
water, chlorine dose will determine whether residual chloramine or free chlorine is present, 
which affects DBP formation. Finally, the disinfection reaction time affects DBP concentrations 
as discussed further in Section 2.2.4.  
2.2.4 Water treatment practices (pH, temperature and reaction time)  
Like all chemical reactions in drinking water treatment, pH, temperature and reaction 
time play large roles in DBP formation potential. As mentioned in Section 2.1, pH affects the 




HOCl has a neutral charge and is therefore a more effective disinfectant to the primarily 
negatively charged compounds (White, 2010). Furthermore, research has found that base 
catalyzed reactions play a large role in THM formation so THM formation will increase with an 
increasing pH (Reckhow et al., 1990; Hua and Reckhow, 2008). The influence of reaction time 
on DBP formation depends largely on the kinetics of the specific DBP. DBPs with faster 
formation kinetics form higher concentrations in the first 30 minutes than those with slower 
formation kinetics. Therefore, a longer reaction time will cause higher concentrations and variety 
of DBPs. Temperature affects each type of DBP individually. Research has shown that THM 
formation increases with increasing temperatures (Hua and Reckhow, 2008). The effects of pH, 
temperature and reaction time depend on the formation pathway for each unique DBP, therefore 
it is critical to monitor pH, temperature and reaction time while studying DBP formation.  
2.3 Trihalomethanes 
Trihalomethanes (THMs) is one of the most abundant classes of DBPs found in 
chlorinated waters (Richardson, 2011; Hua and Reckhow, 2008; Liang and Singer, 2003). The 
THMs most commonly detected in drinking water are found in Table 2. The sum of these four 
chlorinated and brominated compounds is referred to as total trihalomethane (TTHM). TTHM 
concentration in drinking water is regulated by the US Environmental Protection Agency 




Table 2: THM species and regulations 
 Maximum Contaminant Level (µg/L) 
Trihalomethanes: WHO (2017)  USEPA  (2016) NL (2011) 
Chloroform (CHCl3) 300 - - 
Bromodichloromethane (CHCl2Br) 60 60 15 
Dibromochloromethane (CHClBr2) 100 0 - 
bromoform (CHBr3) 100 0 - 
 Total (TTHM) * see note 80 25 
*WHO guideline values 
   Note: 
 
 
  Where C = concentration and GV = guideline value 
 
A literature review of the formation pathways and precursors for THMs is summarized 
below: 
1. THMs are formed primarily by chlorination of waters. Early research by Amy et al. 
(1984) found that the presence of ammonia significantly decreases but does not eliminate 
THM formation. Therefore, THM formation can be limited when chloramine disinfection 
is applied.  
2. The hydrophobic, highly aromatic carbon structures of humic substances are the primary 
precursors for THM formation (Reckhow et al., 1990; Liang and Singer, 2003; Matlianen, 
2011; Hua and Reckhow, 2007). In addition, the hydrophilic, aliphatic structures also 
play an important role in THM formation (Liang and Singer, 2003). 
3. In the presence of bromide, TTHM formation potential increases and formation shifts to 
brominated species (Amy et al., 1984; Heller-Grossman et al., 1993; Chen and 
Westerhoff, 2010). Furthermore, bromine is more reactive with aliphatic precursors while 
chlorine is more reactive with aromatic precursors (Heller-Grossman et al., 1993; Liang 













4. In general, THM formation will increase with increasing reaction time from 0 to 72 hours 
(Singer, 1994; Hua and Reckhow, 2008).  
5. In general, increasing pH will increase THM formation (Singer, 1994).  
2.4 N-DBPs - Nitrosamines 
Nitrosamines are an unregulated class of nitrogenous compounds that are gaining 
attention in the water industry because research suggests that they are more toxic even at lower 
concentrations in the parts per trillion range than the regulated DBPs at parts per billion 
concentrations (Plewa et al., 2008). From 2008 – 2010, the USEPA Unregulated Contaminant 
Monitoring Rule 2 (UCMR2) collected data on the occurrence of unregulated emerging 
contaminants including six nitrosamines (NDEA, NDMA, NDBA, NDPA, NMEA, NPYR) in 
drinking water throughout the United States and found that N-nitrosodimethylamine (NDMA) 
was the predominant nitrosamine formed (USEPA, 2017).  NDMA was detected in 10% of 
drinking water samples at a median concentration of 4.1 ng/L (USEPA, 2017). Hence, NDMA 
has become the primary focus of research on nitrosamines in drinking water.  
Nitrosamines can be found preexisting in water sources that are impacted by wastewater, 
industrial or agricultural discharges, however the most significant pathway for nitrosamines in 
drinking water occurs during chloramine disinfection when NOM reacts with chloramines. A 
literature review of the formation pathways and precursors for nitrosamines is summarized 
below: 
1. The primary precursors for nitrosamine formation during chloramination are secondary 
and tertiary amines that are found in industrial waste, agricultural products, 




formation is dimethylamine (DMA). However, many specific nitrosamine precursors 
remain unknown (Krasner et al., 2013; Mitch et al., 2009). 
2. The main nitrosamine formation pathway in drinking water occurs during chloramination 
when dichloramine reacts with secondary amine precursors, forming intermediate 
compounds which are oxidized to form nitrosamines (Krasner et al., 2013; Mitch et al., 
2009). 
3. NDMA formation drops significantly during disinfection with free chlorine at a chlorine 
dose greater than the breakpoint at approximately 2:1 Cl2 to NH4+ molar ratio (Krasner et 
al., 2013; Mitch et al., 2009). 
4. Chlorination of nitrite-containing water can lead to nitrosamine formation however the 
yields are approximately two orders of magnitude less than chloraminated waters. 
Limited research implies that this formation pathway is non-critical for drinking waters 
(Shah et al., 2012).  
5. It is believed that bromide works as a catalyst for NDMA formation during 
chloramination however limited research shows that this is only significant for bromide 
concentrations greater than 500 µg/L (Shah et al. 2012). 
6. NDMA formation in drinking water has been shown to increase with increasing pH 
(Russell et al., 2012). 
7. Cationic polymers, anion-exchange resins and synthetic distribution system materials 
used in drinking water treatment can introduce NDMA and nitrosamine precursors into 




2.5 DBP Toxicology and Regulations 
DBPs are typically found in drinking water at low levels in the parts per trillion (ppt) to 
parts per billion (ppb) range (Richardson, 2011). DBPs are believed to be carcinogenic and 
genotoxic to humans. Toxicity of a water body containing DBPs is a function of the toxicity of 
the specific DBP and the concentration in the drinking water. Although hundreds of DBPs have 
been identified in drinking water, only a small selection has been the focus of quantitative 
occurrence surveys or toxicology and health effect studies. USEPA and WHO have focused 
regulations on the most abundant DBPs in chlorinated waters, however research on toxicity and 
health effects on DBPs of emerging concern is ongoing. An assay developed by Plewa et al. 
(2008) to directly compare cytotoxicity and genotoxicity of different DBPs indicated the 
following: 
1. Among the halogenated DBPs, brominated and iodinated forms are more cytotoxic and 
genotoxic than their chlorinated counterparts (Figure 8a). 






Figure 8: Chinese hamster ovary (CHO) cell chronic cytotoxicity and acute genotoxicity indices for 
classes of DBPs (Plewa et al., 2008) 
USEPA regulations and WHO guideline levels are shown in Table 2. The USEPA states 
that DBP concentrations above the maximum contaminant level can cause an increased risk of 
cancer as well as liver, kidney or central nervous system damage following long-term exposure.  
Nitrosamines are not currently regulated by the USEPA however they are classified as 





3 Methods and Materials 
3.1 Artificial Water Matrix and NOM Selection 
DBP formation mechanisms were investigated on artificial waters of known DOC, 
bromide and ammonium concentrations as well as two pretreated drinking waters and one 
secondary wastewater from practice.  
3.1.1 Artificial Water Matrix 
The artificial water matrix shown in Table 3 was developed to generate water samples to 
represent specific water quality parameters in pretreated drinking water and secondary treated 
wastewater under a controlled environment. The waters were prepared by adding known 
concentrations of NOM, bromide and ammonium to demineralized water. The chosen 
compounds and concentrations are explained below. 
3.1.1.1 Natural organic matter (NOM) 
Three NOM standards from the International Humic Substances Society (IHSS) and one 
NOM isolated from PWN’s source water were used as NOM sources for the artificial water 
matrix. IHSS collects samples from designated water or soil sources and extracts the humic and 
fulvic acids in order to develop and maintain humic substance standards for research purposes. 
Pony Lake fulvic acid (PLFA) is a microbially derived fulvic acid from a eutrophic, saline coastal 
pond in Antarctica. The landscape surrounding the Pony Lake is devoid of vegetation, therefore 
all organic matter is of microbial origin. Suwannee River NOM (SRNOM) was collected from the 
Suwannee River, a blackwater river at the outfall of the Okefenokee Swamp in Georgia, USA. 
The Suwanee River contains extensive peat deposits and, in contrast to Pony Lake, much of the 




humic acids and fulvic acids. Both SRNOM and Suwannee River humic acid (SRHA) were used 
in the artificial water matrix. These IHSS isolates were selected due to the extensive knowledge 
and research on the standards and to provide a range of NOM sources for DBP analysis.  
In addition to the three IHSS NOM standards, NOM from PWN’s source water was also 
used. PWN’s Suspended Ion Exchange (SIX) treatment process removes NOM fractions and 
other ions and impurities from water using positively charged resins. The resin particles are 
regularly regenerated with a high concentrated saline solution. The brine that results from the 
regeneration process contains all compounds initially bound to the resin, including NOM from 
the raw water source (Roakes, 2014). This NOM was isolated from the brine solution and further 
separated into humic acids and fulvic acids using a method similar to IHSS. SIXFA, the 
separated fulvic acid NOM, was selected as the fourth NOM source for the artificial waters in 
this project.  
Two concentrations of each NOM were selected to give a practical range of dissolved 
organic carbon (DOC) with a low concentration of 3 mg/L DOC to represent pretreated surface 
water and a high concentration of 10 mg/L DOC to represent secondary treated wastewater.  
3.1.1.2 Bromide 
Two bromide concentrations were selected to represent a range of bromide in drinking 
water. A lower concentration of 60 µg/L represents an average bromide concentration for 
drinking water supplies in the United States (Chen and Westerhoff, 2010; Mitch et al., 2009; 
Goslan et al., 2009; Amy et al., 1984) and a higher concentration of 300 µg/L represents an 




3.1.1.3 Ammonium  
An ammonium concentration of 4 mg/L as NH4+ was selected for artificial waters to 
represent a practical concentration of secondary treated wastewater effluent. This concentration 
was selected based on average ammonium concentrations in the Wervershoof WWTP effluent 
(Farley, 2018). In addition, four samples were duplicated with no ammonium added to represent 
practical drinking water conditions. 
Table 3: Artificial Water Matrix 






1 PLFA3+B6+N0 Pony Lake Fulvic Acid 3 0.06 0 
2 PLFA3+B6 Pony Lake Fulvic Acid 3 0.06 4 
3 PLFA3+B30 Pony Lake Fulvic Acid 3 0.30 4 
4 PLFA10+B6 Pony Lake Fulvic Acid 10 0.06 4 
5 PLFA10+B30 Pony Lake Fulvic Acid 10 0.30 4 
6 SRHA3+B6+N0 Suwannee River Humic Acid 3 0.06 0 
7 SRHA3+B6 Suwannee River Humic Acid 3 0.06 4 
8 SRHA3+B30 Suwannee River Humic Acid 3 0.30 4 
9 SRHA10+B6 Suwannee River Humic Acid 10 0.06 4 
10 SRHA10+B30 Suwannee River Humic Acid 10 0.30 4 
11 SRNOM3+B6+N0 Suwannee River NOM 3 0.06 0 
12 SRNOM3+B6 Suwannee River NOM 3 0.06 4 
13 SRNOM3+B30 Suwannee River NOM 3 0.30 4 
14 SRNOM10+B6 Suwannee River NOM 10 0.06 4 
15 SRNOM10+B30 Suwannee River NOM 10 0.30 4 
16 SIXFA3+B6+N0 PWN SIX Fulvic Acid 3 0.06 0 
17 SIXFA3+B6 PWN SIX Fulvic Acid 3 0.06 4 
18 SIXFA3+B30 PWN SIX Fulvic Acid 3 0.30 4 
19 SIXFA10+B6 PWN SIX Fulvic Acid 10 0.06 4 
20 SIXFA10+B30 PWN SIX Fulvic Acid 10 0.30 4 
 
3.1.2 Artificial Water Preparation 
Artificial waters were prepared by diluting stock solutions of NOM, bromide and 
ammonium in MQ water to concentrations according to Table 3. Stock solutions were prepared 




solutions used were of analytical grade. All stock solutions listed in Table 4 were stored in the 
dark at 4°C. 
Table 4: Stock solutions used for the preparation of artificial waters 
Chemical stock concentration 
Ammonium 400 mg NH4/L 
Bromide 30 mg Br-/L 
Phosphate Buffer pH 7.5 
Pony Lake FA 582.0 mg C/L TOC 
Suwannee NOM 603.5 mg C/L TOC 
Suwannee HA 258.6 mg C/L TOC 
SIXFA 459.0 mg C/L TOC 
 
Artificial water was prepared as needed prior to each experiment without further storage. 
The pH of each water sample was adjusted to 7.5 ± 0.2 by the addition of a phosphate buffer. pH 
and temperature were measured and recorded before each experiment. A detailed procedure of 
the artificial water preparation is included in Appendix A. 
3.2 Practical Water Matrix 
In addition to the artificial waters, three water samples from practice were included in 
this research. The composition of the practical waters is shown in Table 5. PWN-VLZF and 
PWN-MF are pretreated drinking waters from PWN’s treatment facility in Andijk. PWN-VLZF 
is pretreated by conventional treatment of coagulation, sedimentation and sand filtration. 
Alternatively, PWN-MF is pretreated by advanced treatment processes of SIX and CeraMac 
Filtration (Figure 2). Five liters of PWN-VLZF and five liters of PWN-MF were collected on 
May 16, 2018 and stored at 4ºC in the dark until use. TOC, ammonium and bromide 
concentrations were measured by HWL directly after sampling for all practical waters. 
WWTP is secondary treated wastewater from Wervershoof WWTP effluent that is 




The sample was stored at 4ºC in the dark until the end of the project. Ammonium concentration 
was measured on the same day as experiments to monitor the stability of the sample. 
Table 5: Practical Water Matrix description and concentrations measured on the day of collection.  






PWN-MF PWN advanced pretreated 1.88  0.17 0.09 
PWN-VLZF PWN conventional pretreated 2.04 0.20 <0.02 
WWTP Wervershoof WWTP effluent 12.1 0.32 6.7 
 
3.3 Chlorine Measurements 
3.3.1 Preparation of chlorine and quenching agent solutions 
Chlorine stock solution used for dosing the water samples was prepared by diluting 15% 
sodium hypochlorite (NaOCl) with MQ water to a concentration between 350 – 600 mg/L Cl2. 
Due to the unstable nature of chlorine, the strength of the chlorine solution was measured daily 
and a new stock was prepared weekly.  A detailed procedure for preparing the chorine stock 
solution and measuring the concentration is included in Appendix A.  
Ascorbic acid, sodium thiosulfate or sodium bisulfite were used as quenching agents to 
stop the chlorine reaction after a defined contact time prior to THM analysis, nitrosamine 
analysis and LC-OCD analysis respectively. Different quenching agents were used to limit 
interferences between the various analytical methods. Stock solutions were made in 1 g/L 
concentrations by dissolving 0.2 g of quenching agent in 200 mL MQ water using a stir bar and 
plate. 
3.3.2 Chlorine measurements using the DPD method 
Free and total chlorine concentrations were measured using Standard Method 4500 CI-G 
DPD colorimetric method. This method uses the principle that HOCl and OCl- in a water sample 




is proportional to the free chlorine concentration. Total chlorine is measured by adding iodide 
and DPD to a water sample to convert chloramine into free chlorine. Combined chlorine oxidizes 
the iodide to iodine which reacts with DPD along with free chlorine in the sample to produce a 
pink color which intensity is proportional to total chlorine concentration. The color can then be 
measured with a spectrophotometer at 520nm wavelength and converted to a chlorine 
concentration with a calibration curve. 
For this research, Hach Free Chlorine Reagent Powder Pillow (Hach product # 1407099) 
and Hach Total Chlorine Reagent Powder Pillow (Hach product # 1406499) were used along 
with a Hach DR-6000 spectrophotometer to measure free and total chlorine respectively. Based 
on Hach literature and HWL procedures, chlorine concentrations less than 2.0 mg/L were 
analyzed by adding one DPD powder pillow to a 10 mL sample while chlorine concentrations 
greater than 2.0 mg/L were measured by adding one DPD powder pillow to a 5 mL sample. To 
limit chloramine interference in free chlorine measurements, the sample was read in the 
spectrophotometer within 30 seconds of adding the DPD powder. Total chlorine measurements, 
which include chloramine concentration, were read after a 3 minute reaction between adding the 
reagent and measuring the concentration to allow for complete reactions. Chlorine concentration 
was measured using Program 88 on the Hach DR-6000 spectrophotometer which used an 
internal calibration to convert wavelength absorbance to a chlorine concentration between 0 and 
10 mg Cl2/L.  
Initial measurement trials showed strong interference with free chorine measurements if 
the sample cell came in contact with the total chlorine DPD pillow powder. For the most accurate 




Once free and total chlorine were measured, combined chlorine was calculated using the 
following equation: 
𝑇𝑜𝑡𝑎𝑙 𝐶ℎ𝑙𝑜𝑟𝑖𝑛𝑒 = 𝐹𝑟𝑒𝑒 𝐶ℎ𝑙𝑜𝑟𝑖𝑛𝑒 + 𝐶𝑜𝑚𝑏𝑖𝑛𝑒𝑑 𝐶ℎ𝑙𝑜𝑟𝑖𝑛𝑒 
3.3.3 Spectrophotometer calibration 
Prior to starting the experiments, the spectrophotometer was calibrated by developing a 
calibration curve to correct chlorine concentration measurements. The calibration curve was 
developed by measuring the total chlorine residual for nine chlorine doses from 0 to 10 mg/L by 
adding a predetermined amount of Hach Chlorine Standard Solution (Hach Product # 1426810) 
to 50 mL of MQ water. After a 30 minute reaction time, the total chlorine concentration was 
measured for each sample using the DPD method described in Section 3.3.2. A deviation 
between the expected and measured chlorine concentrations was observed (Figure 8), showing 
the need to correct the measured values for further experiments. A calibration line was made by 
plotting the best fit line of measured chlorine residual against calculated chlorine dose (Figure 9). 
All measured chlorine concentrations were corrected based on the best fit line where y is the 
corrected chlorine concentration and x is the measured chlorine concentration: 





Figure 9: Chlorine calibration curve for DR6000 spectrophotometer 
 
During this trial, selected samples were triplicated and showed standard measurement 
error ± 0.1 mg/L. Reaction time for the total chlorine DPD Pillow Powder reagent was tested and 
showed an error ± 0.1 mg/L between 30 seconds and 5 minutes from adding the DPD reagent to 
the sample and measuring the chlorine concentration in the spectrophotometer.  Therefore, total 
chlorine measurements were conducted only once and approximately 3 minutes after adding the 
DPD pillow powder for all experiments. Free Chlorine measurements were read within 30 
seconds of adding the DPD pillow powder to limit chloramine interference.  
3.3.4 Chlorination Breakpoint Curves 
Chlorination breakpoint curves were developed for the 20 synthetic waters and 3 practical 
waters. As described in Section 2.1, the breakpoint indicates the chlorine dose where chlorine 
residual shifts from combined chlorine (chloramines) to free chlorine. Since DBP formation is 
dependent on chlorine or chloramine dose, the results of these experiments were used to 
determine the range of chlorine concentrations to dose for the study of DBP formation.  



































To develop a breakpoint curve, 50 mL of sample water was added to eight 100 mL 
volumetric flasks. Each flask was dosed with a different amount of stock chlorine solution to 
give a range of chlorine concentrations from 0 to 55 mg Cl2/L for artificial waters and pretreated 
drinking waters and 0 to 75 mg Cl2/L for WWTP (Figure 10). MQ water was then added to each 
flask for a total sample volume of 100 mL. The flask was capped, mixed and stored in a dark 
cabinet at room temperature for 30 minutes. Room temperature was recorded on the day of each 
experiment and ranged between 18.5 – 23.5 ºC. Temperature fluctuation was due to the changing 
weather throughout the months that the experiments were performed. After the 30 minute 
reaction time, free chlorine and total chlorine residual were measured using the DPD method 
described in Section 3.3.2. The chlorine dose vs. (total) chlorine residual was plotted to show the 
breakpoint curve. A detailed procedure for the breakpoint curve experiments is included in 
Appendix A. 
 
Figure 10: Scheme of breakpoint curves preparation procedure 
3.4 N-DBP Nitrosamine Analysis 
For nitrosamine analysis, samples were prepared in the PWNT laboratory and transported 
to KWR Watercycle Research Institute in Nieuwegein, the Netherlands. Nitrosamine analysis 
was performed by solid phase extraction and GC-MS. Table 6 shows the eight nitrosamines 




Table 6: Nitrosamines analyzed by KWR  
Nitrosamine Detection Limit 
(ng/L) 
NDMA (N-nitrosodimethylamine) 2.0 
NMEA (N-nitrosomethylethylamine) 1.0 
NDEA (N-nitrosodiethylamine) 1.0 
NDPA (N-nitrosodi-n-propylamine) 1.0 
NMOR (N-nitrosomorpholine) 3.0 
NPYR (N-nitrosopyrrolidine) 1.0 
NPIP (N-nitrosopiperidine) 2.0 
NDBA (N-nitroso-n-dibutylamine) 2.0 
 
Each water sample was prepared in approximately 600 mL batches in 1L green glass 
bottles. Chlorine was added to each sample to reach a predetermined chlorine dose selected from 
the breakpoint curve. The volume added was calculated based on the concentration of the stock 
solution measured on the day of the experiment. The samples were mixed and stored at room 
temperature (18.5 – 23.5 ºC) in the dark for 30 minutes. After a 30 minute reaction time, each 
sample was transferred to a 1L green glass bottle containing sodium thiosulfate to quench the 
remaining chlorine to stop the reaction (Figure 11). Headspace free samples were not necessary 
as nitrosamine compounds are not volatile. The samples were stored at 4ºC in the dark before 





Figure 11: Nitrosamine sample preparation 
3.5 THM Analysis 
PWNT collaborated with Lille University, Lille France for THM analysis. Lille 
University, used headspace-trap GC-MS to analyze the four regulated THMs (TTHM) and six 
iodinated THMs shown in Table 7. Selected samples were duplicated during THM analysis and 




Table 7: THMs analyzed by Lille University 
 THM  
 























3.5.1 THM formation under practical conditions 
For THM analysis, samples were prepared at PWNT in 64 mL amber glass vials with 
PTFE screw caps and transported to Lille University. Chlorine dose was predetermined based on 
the breakpoint curve for each water sample. The concentration of stock chlorine solution was 
measured prior to sample preparation and the amount of chlorine added to each sample was 
calculated based on the selected chlorine dose. First, chlorine was added to a 64mL glass sample 
vial. Then, sample water was added to each vial until full, capped without headspace and stored 
for 30 minutes in the dark at room temperature (18.5 – 23.5 ºC). After a 30 minute reaction time, 
ascorbic acid was added to each sample to quench the remaining chlorine and stop the reaction 
(Figure 12). Ascorbic acid was selected as the quenching agent based on literature review and 
method developed by Lille University (Serrano and Gallego, 2007; Kristiana et al., 2014). The 
amount of ascorbic acid added to each sample was calculated based on Zhang’s findings that 2.5 
mg ascorbic acid is needed to quench 1 mg Cl2 of free chlorine while 6.25 mg ascorbic acid is 




removed and replaced with ascorbic acid carefully and efficiently with a pipette and the sample 
was recapped without headspace. It is critical that the sample does not have any headspace due to 
the volatility of THMs. 
 
Figure 12: THM sample preparation 
3.5.2 THM Formation Potential (THMFP) 
THM formation potential (THMFP) analysis was performed on one artificial water for 
each of the four NOM standards (SRHA, SRNOM, PLFA, SIXFA) and three practical waters to 
evaluate the formation potential for the individual NOM sources. Under standard conditions for 
THMFP analysis, water samples were buffered to pH 7 and dosed with excess chlorine to obtain 
a free chlorine residual between 3-5 mg/L after being stored at 25 ± 2⁰C for 7 days. These 
conditions are useful for estimating the concentration of THM precursors and are intended to 
produce ideal conditions for maximum THM formation. The results of THMFP tests were 
compared to the THM analysis under practical conditions to determine if they reach the full 
potential. The method for preparing samples for THMFP analysis is shown in Figure 13, 





Figure 13: method for THMFP sample preparation 
THMFP samples were prepared at PWNT using Standard Method 5710 (Standard 
Methods, 1992) and analyzed for THM at Lille University within 5 days. A phosphate buffer was 
added to all samples to adjust the pH to 7.6 (± 0.1) rather than 7.0 as indicated in the standard 
method. Three trials with a different chlorine dose were used for each water samples to ensure 
one of the doses maintained a free chlorine residual within the range of 3 – 5 mg Cl2/ L after the 
7 day reaction time. The calculated volume of chlorine was added to a 64 mL glass sample tube, 
and the tube was filled with the water sample and capped without headspace. Samples were 
prepared in duplicate and all samples were incubated at 25 ± 2⁰C for 7 days. After the 7 day 
reaction time, free chlorine residual was measured with duplicate samples while the originals 
remained closed until THM analysis. This precaution was used to avoid opening the vials 
prematurely, which would cause the volatile THMs to escape the sample. All samples between 3 
– 5 mg Cl2/L were quenched with 1 mL of 1 g/L ascorbic acid. Samples were transported to Lille 




3.6 LC-OCD Analysis 
Het Water Laboratorium (HWL) performed LC-OCD analysis on four artificial waters 
containing each of the four NOM types and three practical waters to characterize the NOM 
sources and observe the effects of oxidation on NOM. LC-OCD analysis was performed on each 
NOM sample with no chlorine dose and with an excess chlorine dose under identical conditions 
as the THMFP samples (water buffered to pH 7.5, chlorine residual between 3-5mg/L after 7 day 
contact time in the dark at 25°C). Due to potential interference with ascorbic acid, excess 






4.1 Water Characteristics 
Four artificial waters containing different NOM standards (SRHA, SRNOM, PLFA, SIXFA) 
and three practical water samples were analyzed by SUVA and Liquid Chromatography - 
Organic Carbon Detection (LC-OCD) analysis to characterize the organic matter. The artificial 
waters contained 10 mg/L DOC of their respective NOM source, 0.3 mg/L Br- and 4 mg/L NH4+. 
SUVA results presented in  Table 8 show that NOM containing a higher humic content had 
higher SUVA values. This was expected as SUVA is an indicator of aromaticity which is present 
(primarily) in humics. The trend for SUVA was as follows: SRHA > SRNOM > SIXFA > PLFA. 
Furthermore, the three practical waters had lower SUVA values than the four artificial waters, 
suggesting a lower humic content than the artificial waters.  
Table 8: LC-OCD characterization of waters including SUVA, DOC content and organic fractions 
expressed as % DOC. All samples were buffered with a phosphate buffer to maintain pH of 7.6 ± 0.2. 
 















SRHA10+B30 7.86 9.321 0% 79% 12% 8% 0% 
SRNOM10+B30 4.96 8.784 0% 80% 11% 10% 0% 
SIXFA10+B30 4.88 9.241 0% 83% 12% 7% 0% 
PLFA10+B30 3.34 8.861 1% 54% 22% 18% 5% 
WWTP 2.80 11.267 10% 45% 19% 21% 5% 
PWN-VLZF 2.01 2.006 5% 41% 24% 25% 4% 
PWN-MF 1.81 1.745 9% 33% 25% 26% 7% 
 
In addition to SUVA, waters were analyzed by LC-OCD to characterize the NOM based on 
percentage of biopolymers, humics, building blocks, neutrals and acids, and hydrophobic 
fractions (Table 8). LC-OCD uses size exclusion to divide the NOM into fractions characterized 




fulvic acids fall into the humic substances fraction.` From the artificial water types, SRHA, 
SRNOM and SIXFA had a comparable composition of NOM fractions, while PLFA had a clearly 
different composition. Humic substances made up approximately 80% of SRHA, SRNOM and 
SIXFA but only 54% of PLFA (Table 8). PLFA contained higher concentrations of building 
blocks, neutrals & acids, and hydrophobic organic carbon than the other NOM standards. The 
chromatograms in Figure 14 show that SRHA, SRNOM and SIXFA peaked mainly in the humic 
substances zone while PLFA showed a more complex picture with a larger variety of fractions. 
Practical waters contained a broader range of compounds and also contained biopolymers, which 
were not detected in the NOM standards (Figure 14, Table 8). 
 





































Figure 15: LC-OCD Chromatograms for the three practical water sources 
LC-OCD analysis was also performed on the seven water samples after being chlorinated 
under THMFP conditions (chlorine residual >3mg/L after a 7 day reaction time) to investigate 
the influence of oxidation and halogenation on NOM characteristics (Figure 16).  In general, 
chlorinated water samples showed a shift in the chromatogram from shorter to longer retention 
times, indicating a breakdown of organic matter to smaller compounds. This breakdown of NOM 
compounds is further supported by a SUVA decrease from original water samples to chlorinated 


































Figure 16: LC-OCD chromatograms for 3 practical waters (PWN-MF, PWN-VLZF, WWTP) and 4 
artificial waters (PLFA, SIXFA, SRNOM and SRHA) prior to chlorinating (solid orange line) and after 
chlorinating (dashed blue line) under THMFP conditions (>3mg/L Cl2 after 7 days reaction time) 
 





























Figure 17: SUVA values for 3 practical waters (PWN-MF, PWN-VLZF, WWTP) and 4 artificial waters 
(PLFA, SIXFA, SRNOM and SRHA) before and after chlorination under THMFP conditions ( >3 mg/L 
Cl2 after 7 days reaction time) 
4.2 Chlorination Breakpoint Curves 
Chlorination breakpoint curves were developed for the 20 artificial waters and the 3 
practical waters described in Sections 3.1 and 3.2 respectively. The following conclusions can be 
drawn by comparing the breakpoint curves from the five water samples containing SRNOM 
(Figure 18).  
1. For waters containing NH4+, breakpoint curves followed the three phases detailed 
in Section 2.1: (1) an increase in total chlorine due to the formation of 
monochloramine, (2) a decrease in total chlorine as monochloramine further 
reacts, ultimately degrading into N2, and (3) an increase of total chlorine as free 
available chlorine. 
2. The sample with no ammonium added (SRNOM+B6+N0) formed no 
monochloramines and therefore had no breakpoint showing a total chlorine 
residual from the first chlorine addition, completely caused by the presence of 
























3. DOC concentration positively correlated to the breakpoint chlorine dose. There 
was a shift in the breakpoint chlorine dose between SRNOM3 samples and 
SRNOM10 samples due to the DOC increase from 3 mg/L to 10 mg/L 
respectively. This indicates a significant chlorine consumption by DOC and that 
increasing the DOC increases chlorine demand.  
4. The bromide concentration did not influence the position of the breakpoint. There 
was no observed change in the breakpoint curve for SRNOM3+B6 and 
SRNOM3+B30 or SRNOM10+B6 and SRNOM10+B30 when bromide was 
increased from 0.06 mg/L to 0.3 mg/L respectively. 
The additional three NOM sources used in the artificial water matrices yielded similar 
results regarding relationship between breakpoint curves and organic and inorganic matter and 








































Figure 18: Breakpoint curve for artificial water containing Suwannee River NOM (SRNOM) at a DOC 
concentration of 3 mg/L (SRNOM3) or 10 mg/L (SRNOM10), a Br- concentration of 0.06 mg/L (B6) or 
0.30 mg/L (B30) and 4 mg/L NH4+, with the exception of SRNOM3+B6+N0 which did not contain NH4+. 
Total chlorine concentrations (a) and free chlorine concentrations (b) are shown. 
Breakpoint curves for four water samples that differed only by type of NOM added 
shows that PLFA and SIXFA, both containing fulvic acids, had lower breakpoint chlorine doses 
than SRHA, containing humic acid (Figure 19). Breakpoint doses for PLFA, SIXFA, SRNOM 
and SRHA were 30, 31, 32 and 35 mg/L Cl2 respectively. Therefore, the chlorine breakpoint dose 
has a direct relationship with NOM source and SUVA (FA < NOM < HA) indicating that the type 








































Figure 19: Breakpoint curves for artificial waters containing four different NOM sources at a 
concentration of 10 mg/L DOC, 0.3 mg/L Br- and 4 mg/L NH4+ 
The two pretreated drinking waters, PWN-MF and PWN-VLZF, contained less than 0.1 
mg/L NH4+, resulting in the absence of a breakpoint (Figure 20). PWN-MF had an instantaneous 
chlorine demand of approximately 12 mg/L (Figure 20). It is likely that the instantaneous 
chlorine demand is due to hydrogen peroxide residual of approximately 5 - 6 mg/L caused by the 
dosage of 6 mg/L H2O2 during pretreatment. WWTP contained 6.7 mg/L NH4+ resulting in a 
breakpoint dose of 41 mg/L. This is expected as increasing NH4+ concentration will form more 







































Figure 20: Breakpoint curves for three practical waters: secondary treated wastewater (WWTP) 
containing 6.7 mg/L NH4+, advanced pretreated water (PWN-MF) and conventional pretreated water 
(PWN-VLZF) both containing less than 0.1mg/L NH4+ 
The first phase of the chlorination breakpoint curve corresponding to monochloramine 
formation occurred at chlorine doses up to 17 – 20 mg/L for all artificial waters, regardless of 
NOM concentration, NOM type and Br- concentration. This chlorine dose corresponds to a Cl2: 
NH4+ molar ratio of 1.0 – 1.2 (Table 9). The secondary treated wastewater effluent, WWTP, 
contained 6.7 mg/L NH4+ and the monochloramine peak occurred at a chlorine dose of 25 mg/L, 
or 0.9 Cl2:NH4+ molar ratio (Figure 20). This confirms that NH4+ concentration correlates to the 
monochloramine formation phase of the breakpoint curve, and the peak of the breakpoint curve 
occurs around 1:1 Cl2:NH4+ molar ratio. The second phase of the curve corresponding to 
chloramine degradation is impacted slightly by the NOM concentration and NOM type. 
Theoretically, the chlorine breakpoint (where all NH4+ is converted to N2) would occur at a 1.6 
Cl2:NH4+ molar ratio, which equals 24 mg/L Cl2 for waters containing 4 mg/L NH4+. However 
chlorine breakpoints occurred at doses of 27 – 35 mg/L Cl2 (1.6 – 2.1 Cl2:NH4+ ratio) (Table 9). 
This Indicates that humic and fulvic substances have a chlorine demand leading to a higher 
































corresponding to a 1.5 Cl2:NH4+ molar ratio (Figure 20). The breakpoint chlorine dose is higher 
due to an increased NH4+ content of 6.7 mg/L in the sample, showing that ammonia 
concentration is a predominant factor in determining the chlorine breakpoint dose. However, the 
position of the breakpoint is affected by other factors. The breakpoint Cl2:NH4+ ratio of 1.5 is 
lower than the artificial waters, indicating that the NOM type is an important factor in chlorine 
demand. The low SUVA value of WWTP could be indicative of the lower chlorine demand. 
Overall, these results suggest that monochloramine formation is completely caused by the NH4+ 
concentration and is unaffected by the water matrix, while monochloramine degradation to 
dichloramine, trichloramine and N2 has complex reaction rates and is affected by the water 




Table 9: Chlorine dose and Cl2: NH4+ molar ratio required for each water to reach the chloramine peak 
and the breakpoint. The sample names refer to the artificial and practical waters as described in Tables 3 
and 5. 
 Chloramine peak Breakpoint 








PLFA3+B6+N0  -     -   
PLFA3+B6 18 1.1 27 1.6 
PLFA3+B30 18 1.1 27 1.6 
PLFA10+B6 20 1.2 30 1.8 
PLFA10+B30 18 1.1 30 1.8 
SRHA3+B6+N0  -     -   
SRHA3+B6 17 1.0 29 1.8 
SRHA3+B30 17 1.0 29 1.8 
SRHA10+B6 20 1.2 35 2.1 
SRHA10+B30 20 1.2 35 2.1 
SRNOM3+B6+N0  -     -   
SRNOM3+B6 18 1.1 28 1.7 
SRNOM3+B30 18 1.1 28 1.7 
SRNOM10+B6 18 1.1 32 1.9 
SRNOM10+B30 18 1.1 32 1.9 
SIXFA3+B6+N0  -     -   
SIXFA3+B6 17 1.0 29 1.8 
SIXFA3+B30 17 1.0 29 1.8 
SIXFA10+B6 17 1.0 32 1.9 
SIXFA10+B30 17 1.0 32 1.9 
WWTP 25 0.9 41 1.5 
PWN - MF10  -     -   
PWN-VLZF  -     -    
 
4.3 Nitrosamine Analysis  
PLFA3+B30 was analyzed for eight nitrosamines at six chlorine doses along the 
breakpoint curve in order to fine-tune the methodological approach (Figure 21). Of the eight 
nitrosamines analyzed, only NDMA and NDBA were detected. Both compounds were only 
detected before the breakpoint, in the presence of a combined chlorine residual. The maximum 




nor NDBA were detected at the two chlorine doses above the breakpoint. The remaining six 
nitrosamines analyzed (NMEA, NDEA, NDPA, NMOR, NPYR and NPIP) were not detected in 
any samples.  
  
Figure 21: Nitrosamine (NDMA and NDBA) concentrations measured in PLFA3+B30 at 6 chlorine doses 
along the chlorine breakpoint dose. Points A to F refer to the six chlorine concentrations dosed prior to 
nitrosamine analysis and illustrate different phases of the chlorine breakpoint curve. The results are 
plotted over the chlorine breakpoint curve of the same sample (total and free chlorine).  
Based on results from the initial trial, seven additional artificial waters and WWTP 
sample were selected for nitrosamine analysis (Table 10). The artificial waters were prepared 
with the selected NOM source at 3 mg/L or 10 mg/L DOC. Bromide and ammonium  remained 
constant at 0.3 mg/L Br- and 4 mg/L NH4+ for all artificial waters. The two pre-treated drinking 
waters from practice were not analyzed for nitrosamines because they were not expected to form 




















































NDMA (ng/L) NDBA (ng/L)
Total Cl2 Residual (mg/L) Free Cl2 Residual (mg/L)




Table 10: Selection of water samples for nitrosamine analysis. Sample points labels (0, A to F) refer to 







Sample points on 
breakpoint curve 
PLFA3+B30 3 0.3 4 A, B, C, D, E, F 
PLFA10+B30 10 0.3 4 0, A, B, C, D 
SRHA3+B30 3 0.3 4 A, B, C, D 
SRHA10+B30 10 0.3 4 0, A, B, C, D 
SRNOM3+B30 3 0.3 4 A, B, C, D 
SRNOM10+B30 10 0.3 4 0, A, B, C, D 
SIXFA3+B30 3 0.3 4 A, B, C, D 
SIXFA10+B30 10 0.3 4 0, A, B, C, D 
WWTP 12 0.3 4.71 0, A, B, C, D 
1.WWTP ammonium concentration dropped from 6.7 mg/L on the day of collection 
(4/25/2018) to 4.7 mg/L on the day of nitrosamine experiments (5/24/2018) 
 
The artificial waters and WWTP were analyzed for nitrosamines at chlorine doses 
throughout chloramine formation and destruction, where only combined chlorine residual occurs 
(points A to D along the breakpoint curve, Figure 21). Chlorine doses beyond the breakpoint 
were not analyzed because nitrosamines were not detected for PLFA3+B30 past the breakpoint. 
The artificial waters containing 10 mg/L DOC were also analyzed with no chlorine added as a 
reference. Of the eight nitrosamines measured, only NDMA and NDBA were detected above the 
detection limits in all waters. Table 11 and Error! Reference source not found.  present heat 
maps of the results of NDMA and NDBA concentrations respectively.  
NDMA was detected in significant quantities in chlorinated samples of PLFA3, PLFA10 
and WWTP only (Table 11). For all other tested waters, NDMA concentrations remained close to 
or below the detection limit of 2 ng/L, suggesting that NOM type influences NDMA formation. 
For PLFA3, PLFA10 and WWTP, NDMA was solely detected in the second phase of the 
breakpoint curve, where monochloramine is converted into dichloramine and ultimately 




contribute more to NDMA formation than monochloramine. NDMA concentration in WWTP 
dropped from 14 ng/L at point C to 2.6 ng/L at the breakpoint, point D, however, the free 
chlorine concentration measured at the time of sampling increased from 0.4 mg/L at points A, B 
and C to 1.5 mg/L at point D indicating that this chlorine dose was slightly higher than the 
breakpoint and causing a free chlorine residual. This indicates that NDMA formation drops in the 
presence of a free chlorine residual, after all of the chloramine formation and degradation has 
been exhausted. Thus, degradation of chloramines is essential for NDMA formation. 
Table 11: Heatmap of NDMA concentrations for eight artificial waters and secondary treated wastewater 
(WWTP) sample. Points 0, A, B, C, D represent chlorine doses along the breakpoint as labeled on the 
breakpoint curve. Note: the values written in red had higher detection limits. 
  
NDMA (ng/L)   
0 A B C D  
SRHA3 - <2.0 <2.0 <2.0 2.1  
SRHA10 <2.0 <4.0 <4.0 <2.0 <2.0  
SRNOM3 - <2.0 <2.0 <2.0 2.2  
SRNOM10 <2.0 <2.0 <2.0 <2.0 <2.0  
PLFA3 - <2.0 2.6 2.0 4.1  
PLFA10 <2.0 <2.0 5.1 3.2 <2.0  
SIXFA3 - <2.0 <2.0 <2.0 <2.0  
SIXFA10 <2.0 <2.0 <2.0 <2.0 <2.0  
WWTP <2.0 2.0 7.9 14.0 2.61              
Legend: <2.0 2.0 – 2.9 3.0 – 3.9 4.0 – 4.9 5.0 – 5.9 6.0 - 10 >10.0 
1. Free chlorine residual measured at the time of sampling of 1.5 mg/L indicate that this chlorine dose is 
slightly greater than the breakpoint (Point D) 
 
NDMA was detected in higher concentrations in WWTP than the artificial waters. 
PLFA10 and WWTP had similar DOC concentration of 10 mg/L and 12 mg/L DOC respectively 
however in WWTP up to 14 ng/L NDMA was found while in PLFA10 up to 5.1 ng/L NDMA 
was found. The high concentration of NDMA in WWTP could be due to a slightly higher NH4+ 
concentration (4.7 mg/L NH4+ at the time of analysis) but also indicates that wastewater contains 




NDBA results (Appendix C) are less clear than the NDMA results. NDBA was detected 
in SRNOM and SIXFA waters even without chlorine addition, which indicates a measurement 
error or a contamination, therefore questioning the results of the other samples. NDBA results are 
therefore not further discussed in this report.   
In conclusion, nitrosamines were analyzed in eight artificial waters with various NOM 
sources and DOC concentrations and a secondary treated wastewater effluent (WWTP) at 
multiple chlorine doses up to and including the breakpoint dose. Of the eight nitrosamines 
measured only NDMA and NDBA were detected. These compounds were only detected in PLFA 
and WWTP waters, that had the most complex NOM composition. NDMA concentrations were 
highest in the second phase of the breakpoint curve, where dichloramine is degraded. In WWTP, 
nearly three times as much NDMA was formed as in the artificial water PLFA, while no NDMA 
formation was observed in the other artificial waters. NDBA results were less clear, with low 
levels of NDBA observed even in unchlorinated samples. Therefore, NDBA formation was 
insignificant.   
4.4 THM Analysis 
4.4.1 THM Formation Potential 
THM Formation Potential (THMFP) tests were performed for four artificial waters 
containing each of the NOM sources at 10 mg/L DOC and the three practical drinking water 
sources using standard conditions with a high chlorine dose and a 7-day contact time. The three 
waters with DOC of 2 – 3 mg/L (PLFA3, PWN-VLZF, PWN-MF) had lower THMFP than the 
five waters with DOC between 10 – 12 mg/L (WWTP, PLFA10, SIXFA10, SRNOM10, 




increased TTHMFP from 216.42 µg/L in PLFA3 to 533.10 µg/L in PLFA10, indicating that DOC 
concentration is a critical parameter in THM formation. 
These results also suggest that THMFP varies among NOM types with similar DOC 
concentrations. PLFA10, SIXFA10, SRNOM10 and SRHA10 each had DOC concentrations of 
approximately 10 mg/L, however TTHM concentrations were widespread, ranging from 533.1 
µg/L in PLFA10 to 1139.61 µg/L in SRHA10 (Figure 22). SRHA10 had the highest SUVA value 
(7.9 L/mg*m) and the highest TTHMFP (1139.61 µg/L) while PLFA10 had a low SUVA value 
(3.3 L/mg*m) and low TTHMFP (533 µg/L). SRNOM10, which contained both humics and 
fulvics fell in the middle with a TTHMFP of 920.45 µg/L (Figure 22). This suggests that NOM 
characteristics such as aromaticity and hydrophobicity are important factors in THM formation 
potential. 
TTHM yield (µM TTHM/mM C) was calculated to investigate the importance of DOC 
and NOM type on TTHM formation potential. Results show a positive correlation between 
TTHM yield and SUVA, and also indicates the differences between humic acids and fulvic acids 






Figure 22: THMFP and SUVA values for 5 artificial waters and 3 practical waters differing in 
DOC concentrations. TBM: Tribromomethane (bromoform); DBCM: dibromochloromethane; 
BDCM: bromodichloromethane, TCM: trichloromethane (chloroform) 
 
Figure 23: Relationship of SUVA with TTHM yield for samples prepared under THMFP conditions. 
4.4.2 Sample selection for THM analysis under practical disinfection conditions 
A selection of artificial and practical waters were analyzed for the four THM species at a 















































































































Total THM (TTHM) is the sum of chloroform (TCM) and the three brominated species 
(BDCM, DBCM, and TBM). Six iodinated compounds listed in Table 7 were also analyzed, 
however iodinated THMs accounted for less than 1% of THM concentrations for artificial waters 
and less than 5% for practical waters and therefore are not discussed further in this report. A table 
of THM results including iodinated species is included in Appendix D.  
First, PLFA3+B30 was analyzed for THMs at eight chlorine doses along the breakpoint 
curve to fine-tune the experimental procedure. Results showed that THM formation doubled after 
the breakpoint, under the presence of a free chlorine residual (Figure 24). 
 
Figure 24: THM concentrations for PLFA3+B30 artificial water containing 3 mg/L DOC, 0.3 
mg/L Br- and 4 mg/L NH4+ at eight chlorine doses along the breakpoint curve. TBM: 
Tribromomethane (bromoform); DBCM: dibromochloromethane; BDCM: 
bromodichloromethane, TCM: trichloromethane (chloroform).   
Based on results from PLFA3+B30, the eleven artificial waters presented in Table 12 
were analyzed for THMs at five chlorine doses including one dose before the breakpoint (Point 
C), one dose at the breakpoint (Point D) and three doses after the breakpoint at free chlorine 
residuals of approximately 5, 8, and 17 mg/L (Points, E, F & G respectively). The eleven 
































































constant for all artificial water samples at 4 mg/L NH4+ as it is not expected to influence THM 
formation. Three practical waters listed in Table 12 were also analyzed at a range of chlorine 
doses to obtain free chlorine residuals up to 20 mg/L.   








PLFA3+B6 3 0.06 4 
PLFA3+B30 3 0.3 4 
SRHA3+B6 3 0.06 4 
SRHA3+B30 3 0.3 4 
SRHA10+B30 10 0.3 4 
SRNOM3+B6 3 0.06 4 
SRNOM3+B30 3 0.3 4 
SRNOM10+B30 10 0.3 4 
SIXFA3+B6 3 0.06 4 
SIXFA3+B30 3 0.3 4 
SIXFA10+B30 10 0.3 4 
WWTP 12.1 0.32 0.031 
PWN-MF 1.88 0.17 0.09 
PWN-VLZF 2.04 0.2 <0.02 
1.WWTP ammonium concentration dropped from 6.7 mg/L on 
the day of collection (4/25/2018) to 0.03 mg/L on the day of 
THM experiments (6/28/2018) 
 
 The THM results of the different waters are discussed below, looking specifically at the 
effects of chlorine dose, DOC concentration, Br- concentration, and NOM type on THM 
formation.  
4.4.3 THM formation as a function of the chlorine dose 
For all artificial waters sampled, THM concentrations increased from sub-breakpoint 
chlorine dose to the breakpoint chlorine dose (Figure 25 and Appendix E).  TTHM 
concentrations in SRNOM10+B30 increased from 117.3 µg/L at point C to 209.2 µg/L at point 
D, the breakpoint chlorine dose. This is expected as free chlorine is available to react with NOM 




up to 356.9 µg/L at point G (Figure 25). This phenomenon was observed in artificial waters 
containing SRNOM (Figure 25, Figure 28) or SRHA (Appendix E, Figures E1, E2 & E3) as well 
as WWTP (Figure 26). TTHM concentrations in WWTP increased from 77.6 µg/L to 253.0 µg/L 
as chlorine dose increased from 5 mg/L to 30 mg/L (Figure 26). No breakpoint curve is observed 
for WWTP (Figure 26) because the NH4+ concentration degraded from 6.7 mg/L at time of 
sampling to 0.03 mg/L at time of analysis, thus no chloramines were formed. 
 
Figure 25: THM concentrations in SRNOM10+B30, an artificial water containing 10 mg/L DOC, 0.3 




























































Figure 26: THM concentrations in WWTP (secondary treated wastewater effluent) at a range of chlorine 
doses. Note: NH4+ concentration at the time of analysis was 0.03 mg/L. 
TTHM concentrations in the two pretreated drinking waters ranged between 13 to 21 
µg/L at chlorine doses between 5 to 20 mg/L and showed little variations in TTHM concentration 
with increasing chlorine dose (Figure 27). This trend of a plateau in TTHM formation in the 
presence of a free chlorine residual was also observed in artifical waters containing PLFA 
(Figure 24, Appendix E, Figures E6 & E7) and SIXFA (Appendix E, Figures E4 & E5) and could 
be due to different organic precursors contained in fulvic acids compared to the humic acids in 






















































Figure 27: TTHM concentrations in (a) PWN-VLZF (conventional pretreatment) and (b) PWN-MF 
(advanced pretreatment) at a range of chlorine doses. 
4.4.4 THM formation as a function of bromide concentration 
To evaluate the influence of bromide concentration on THM formation, the bromine 
substitution factor (BSF) was calculated for all samples. BSF is a ratio of the molar concentration 
of bromine incorporated into THM to the molar concentration of TTHM:   
𝐵𝑆𝐹 =
𝐷𝐵𝑃 − 𝐵𝑟
𝐷𝐵𝑃 − (𝐶𝑙 + 𝐵𝑟)


























































































 𝑇𝐻𝑀 − 𝐵𝑆𝐹 =
𝐶𝐻𝐵𝑟𝐶𝑙ଶ + 2 𝐶𝐻𝐵𝑟ଶ𝐶𝑙 + 3 𝐶𝐻𝐵𝑟ଷ
3 𝑇𝑇𝐻𝑀
  𝑋 100%   (𝐻𝑢𝑎 𝑎𝑛𝑑 𝑅𝑒𝑐𝑘ℎ𝑜𝑤, 2012) 
Where: CHBrCl2, CHBr2Cl and CHBr3 refer to the molar concentration (µmol/L) of each 
species and TTHM refers to the molar concentration (µmol/L) of the total THM (CHCl3 + 
CHBrCl2 + CHBr2Cl + CHBr3). BSF is expressed as a fraction between 0 and 1 and is presented 
as a percentage where a higher percentage represents more bromine incorporation. A table of all 
THM results including BSF is included in Appendix F. 
Results showed that increasing Br- concentration from 0.06 to 0.3 mg/L significantly 
increased the BSF but caused little change to overall TTHM concentrations (Table 13), 
indicating a shift from chlorinated to brominated species. For example, comparing the BSF for 
SRNOM3+B6 and SRNOM3+B30 shows that at a free chlorine residual of 5 mg/L, BSF 
increased from 4% to 18% due to an increase in Br- from 0.06 to 0.3 mg/L (Table 7). This 
phenomenon is much more pronounced for SRNOM and SRHA (nearly 400% increase of BSF) 
than for SIXFA and PLFA (19% and 63% BSF increase respectively), indicating that THM 




Table 13: TTHM speciation in artificial water samples dosed with chlorine to obtain a free chlorine 
residual of 5 mg/L after a 30 minute reaction time. All waters contained 3 mg/L DOC and 4 mg/L NH4+, 
but differed in NOM type and bromide concentration. TTHM increase and BSF increase are calculated 
based on the change in THM concentrations induced by an increase in bromide concentration from 0.06 









PLFA3+ B6 0.06 0.178 12% -3% 63% PLFA3+ B30 0.3 0.173 19% 
SIXFA3 +B6 0.06 0.327 16% 2% 19% SIXFA3 +B30 0.3 0.333 19% 
SRNOM3 +B6 0.06 0.576 4% 0% 398% SRNOM3 +B30 0.3 0.575 18% 
SRHA3 +B6 0.06 0.886 2% -5% 464% SRHA3+ B30  0.3 0.843 13% 
 
4.4.5 THM formation as a function of DOC concentration 
Overall, an increase in DOC concentration led to an increase in THM formation. As DOC 
concentration in SRNOM samples increased by a factor of 3.3, from 3 mg/L to 10 mg/L (Figure 
25 and Figure 28 respectively), TTHM concentration at the breakpoint chlorine dose increased 
from 65.5 µg/L to 209.2 µg/L, an increase by a factor of 3.2. This increase was evident across all 
chlorine doses and NOM types analyzed (Table 14), with an increase in THM ranging between 
3.1 and 3.5 for an increase by 3.3 of NOM concentration. This indicates that NOM concentration 





Figure 28: THM concentrations in SRNOM3+B30, an artificial water containing 3 mg/L DOC, 0.3 mg/L 
Br- and 4 mg/L NH4+ at five chlorine doses along the breakpoint curve. 
Furthermore, when looking at TTHM yield (the ratio of TTHM formation to DOC) 
results showed an increase among each type of water, with a clear difference among different 
NOM types (Table 14, Figure 29b). SRHA had the highest yield of 3.3 - 3.8 µM TTHM/mM C, 
followed by SRNOM between 2.3 – 2.4 µM TTHM/mM C and finally SIXFA with a yield 
between 1.3 - 1.5 µM TTHM/mM C. This indicates the importance of both NOM concentration 
and characterization in THM formation.   
  
Figure 29: Change in (a) TTHM concentration and (b) TTHM yield due to an increase in DOC 
concentration from 3 to 10 mg/L for three different NOM sources. All waters contained 0.3 mg/L Br-, 4 































































































Table 14: TTHM, TTHM yield and TTHM increase due to a DOC increase of 3.3 (from 3 mg/L to 10 
mg/L) for three different NOM types at a chlorine dose to obtain approximately 5 mg/L free chlorine 
residual. 












SIXFA 3 48.3 0.33 1.33 3.50 10 169.1 1.23 1.48 
SRNOM 3 82.1 0.58 2.30 3.10 10 254.8 1.99 2.39 
SRHA 3 115.8 0.84 3.37 3.40 10 394.1 3.18 3.81 
 
The majority of the TTHM increase was due to the formation of chloroform (TCM), 
which increased threefold across all NOM types due to an increase in DOC (Table 15). This shift 
to chloroform is further indicated by a decrease in the BSF. This suggests that increasing the 
DOC concentration in a water sample will allow for increased reactions between precursors in 
NOM and chlorine after bromide demand is exhausted, increasing formation of chlorinated 
species.   
Table 15: Change in TTHM speciation due to an increase in DOC concentration from 3 to 10 mg/L for 
artificial water samples containing a free chlorine residual of 5 mg/L after a 30 minute reaction time. All 
waters contained 0.3 mg/L Br- and 4 mg/L NH4+. Note: PLFA is not included because it was not analyzed 















SIXFA 308% 314% 108% -41% 270% -31% 
SRNOM 345% 141% -29% -82% 246% -63% 
SRHA 376% 82% -61% -93% 277% -74% 
 
4.4.6 THM formation as a function of NOM type 
TTHM concentration depends on the type of NOM in the water being chlorinated. The 
following trend was observed across multiple scenarios investigating the effects of NOM type on 




SRHA that each contained 0.3 mg/L Br-, 3 mg/L DOC and a free chlorine residual of 
approximately 5 mg/L had TTHM concentrations of 24.0, 48.3, 82.1, 115.8 µg/L respectively 
(Figure 30). This trend was observed across all chlorine doses and DOC concentrations analyzed. 
This further confirms the observations from the THMFP results discussed in Section 4.4.1 which 
found that humic acids had higher THM yields than fulvic acids. 
 
Figure 30: THM concentrations for waters with a free chlorine residual of approximately 5 mg/L. TBM: 
bromoform; DBCM: dibromochloromethane; BDCM: bromodichloromethane, TCM: trichloromethane 
(chloroform).  
Furthermore, results indicate that TTHM is proportional to SUVA value, indicating that 
NOM compounds with higher aromaticity increases the formation of THM, as already observed 
with the THMFP results. TTHM yield (µM TTHM/ mM C) was calculated to compare TTHM of 
waters with varying DOC concentrations and plotted against SUVA to show a positive 
correlation between SUVA and TTHM yield (Figure 31a).  
In addition to TTHM formation, NOM type also influenced THM speciation from 
chlorinated to brominated species. Overall, an inverse relationship was found between a water’s 
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(1.81 and 2.01 respectively) and the lowest TTHM yield (0.03 to 0.8 µM TTHM/ mM C) but the 
highest BSF of 15% to 45%, while SRHA had the highest SUVA (7.86) and the highest TTHM 
yield (1.8 to 5.4 µM TTHM/ mM C) but the lowest BSF of less than 5% (Figure 31b). Therefore, 
a water with a high aromaticity (high SUVA) induces the formation of high TTHM concentration 
mainly composed of chlorinated species (low BSF). 
 
Figure 31: Relationship of SUVA with (a) TTHM yield and (b) bromine substitution factor (BSF) for 
waters containing different NOM types and DOC concentrations and tested under practical disinfection 
conditions. All samples contained 2 - 3 mg/L Br-. The range of each water represents a range of chlorine 





















































The objective of this research is to investigate the mechanisms of nitrosamines and 
trihalomethanes (THMs) formation by chlorination in drinking water and secondary treated 
wastewater effluent. The specific aim of the research is to determine the impacts of natural 
organic matter, ammonium, and bromide on THM and nitrosamine formation as a function of the 
chlorine dose. This was addressed by producing artificial waters by mixing demineralized water 
with known concentrations of ammonium, bromide and DOC from selected NOM standards 
which were classified into humic acids and fulvic acids. Two pretreated drinking waters and one 
secondary treated wastewater were also selected to link the experimental results obtained with 
artificial waters to practice. NOM was characterized by SUVA as well as NOM composition of 
fractions of biopolymers, humic substances, building blocks, neutrals and acids, and hydrophobic 
fractions as determined by LC-OCD analysis. The artificial waters were dosed with a range of 
chlorine doses and nitrosamines and THM concentrations were measured after a 30 minute 
reaction time. THM formation potential tests were also conducted by measuring THM 
concentrations after a 7 day reaction time. Other parameters that affect DBP formation such as 
temperature, pH and reaction time remained constant throughout the experiments as described in 
Chapter 3. Nitrosamines and THMs are of concern because they are two harmful classes of DBPs 
that are formed during chlorine-based disinfection of drinking water or wastewater. 
Understanding the formation mechanisms of these by-products may help adapt treatment 




5.1 Mechanism of nitrosamines formation 
Nitrosamines were analyzed in eight artificial waters and a secondary treated wastewater 
effluent (WWTP) at a range of chlorine doses along the breakpoint curve. Results are shown in 
Section 4.3 and discussed below. Of the eight nitrosamines measured (Table 6), only NDMA and 
NDBA were detected. NDBA results were inconsistent and are not further discussed in this 
section. Occurrence of NDMA in the studied water samples is in line with findings from USEPA 
Unregulated Contaminant Monitoring Rule 3 (UCMR3) which found that NDMA was the most 
commonly detected nitrosamine, accounting for 95% of nitrosamine detections in drinking water 
treatment plant effluents throughout the US from 2008 to 2010 (USEPA, 2017). Consequently, 
NDMA research accounts for a majority of research on nitrosamines in drinking water (Krasner 
et al., 2013).  
5.1.1 Impact of disinfection regime 
NDMA was only detected in PLFA and WWTP samples. For both water types NDMA 
was detected in water samples chlorinated in concentrations up to the breakpoint, showing that 
NDMA formation only occurs under chloramination conditions, and becomes insignificant when 
free chlorine residuals are present. This result aligns with previous research (Charrois & Hrudey, 
2007; Schreiber and Mitch, 2007). Furthermore, NDMA was detected above the reporting limit 
(2 ng/L) only in the second phase of the breakpoint curve, where all monochloramine has reacted 
with chlorine and is degraded to dichloramine and ultimately degraded to N2. This observation 
confirms findings that dichloramine is the primary reactant for NDMA formation, while 
monochloramine does not initiate NDMA formation. Research by Schreiber and Mitch (2006) 
demonstrates the importance of dichloramine and dissolved oxygen in the formation of 




intermediate compounds, such as chlorinated unsymmetrical dialkylhydrazine intermediates (Cl-
UDMH), which are further oxidized by dissolved oxygen to form nitrosamines (Schreiber and 
Mitch, 2006).Furthermore Charrois & Hrudey (2007) performed bench scale chlorination 
experiments on raw and partially treated waters in Alberta, Canada and found that maximum 
NDMA formation occurred particularly within the sub-breakpoint region of the breakpoint 
curves. Schreiber and Mitch (2007) also conducted experiments on the impact of Cl2: NH3 molar 
ratios on NDMA formation from the model precursor dimethylamine (DMA) and found that 
maximum NDMA formation occurred at the breakpoint region where all chloramine residual was 
degraded but no free chlorine was present yet. This trend was observed in this study for PLFA3 
and WWTP in which NDMA concentrations increased up to the breakpoint (Table 11).  
5.1.2 Impact of water matrix 
Increasing DOC from 3 mg/L to 10 mg/L in PLFA3 and PLFA10 showed minimal 
NDMA increase from 4.1 ng/L to 5.1 ng/L respectively. Besides, no trends were observed 
between NDMA formation and SUVA. This aligns with findings by Chen and Valentine (2007) 
that investigated SUVA values for various NOM fractions and found inconsistent trends, 
indicating SUVA is not a reliable index for predicting NDMA formation potential. Furthermore, 
Chen and Westerhoff (2010) collected data from drinking water and wastewater treatment plants 
across the USA to develop a mathematic approach to predict DBP formation. Findings 
determined that predicting NDMA formation potential under potable or low NDMA-containing 
raw waters was not possible when modeled based on DOC, UV absorbance or DON, indicating 
that specific NDMA precursors are yet to be fully understood and quantified.   
Of the eight artificial and practical waters analyzed, NDMA was detected in 




chromatograms (Figure 14 and Figure 15) depicted more complex NOM composition in PLFA 
and WWTP than in the waters where NDMA was not detected (SRNOM, SRHA, and SIXFA). 
NOM sources with no NDMA detected each contained approximately 20% fractions other than 
humic substances while PLFA and WWTP contained approximately 50%, indicating that other 
NOM fractions such as biopolymers, building blocks or LMW compounds could contain NDMA 
precursors (Table 8). Similarly, Chen and Valentine (2007) conducted NDMA formation potential 
experiments on fractionated NOM, using high dosage of preformed monochloramine, a 7-day 
reaction time and reaction conditions to exhaust NDMA precursors, and found trends that 
hydrophilic and basic fractions tend to form more NDMA than hydrophobic and acidic fractions. 
The authors suggest that this may be due to higher nitrogen content in the hydrophilic and basic 
fractions (Chen and Valentine 2007).  
NDMA results presented in Table 11 show the secondary treated wastewater sample 
(WWTP) formed much higher concentrations than the artificial waters regardless of similar DOC 
concentrations between 10-12 mg/L and ammonium concentrations of 4 mg/L or 4.7 mg/L NH4+ 
for artificial waters and WWTP respectively. This aligns with findings from the past decade that 
organic matter from wastewater effluent contains a higher content of NDMA precursors than 
NOM from drinking water supplies and that the influence of anthropogenic chemicals existing in 
wastewater are important NDMA precursors (Charrois and Hrudey, 2007; Krasner et al., 2013; 
Shah and Mitch, 2012). Furthermore, DBP prediction models developed by Chen and Westerhoff 
(2010) found that NDMA formation can be predicted reasonably well when modeled based on 
DOC, UV absorbance and DON for wastewater effluent samples with high NDMA formation, 




be because wastewater impacted waters contain organic NDMA precursors that are not present in 
pretreated drinking water sources. 
5.2 Mechanisms of trihalomethane formation 
Trihalomethanes (THMs) were detected in all waters analyzed in concentrations ranging 
from 20 µg/L to 1,200 µg/L. THMs are formed when waters containing organic matter are 
disinfected with chlorine based disinfectants. If bromide is present in the water being disinfected, 
chloro-bromo and brominated THMs are formed when chlorine oxidizes bromide to bromine and 
hypobromous acid (HOBr) which reacts with NOM (Heller-Grossman et al., 1993). THM 
formation kinetics are complex due to competing reactions between chlorine, bromide, different 
precursors in the NOM and other compounds existing in the water. Understanding the formation 
mechanisms of THM formation is important for drinking water and wastewater utilities to 
develop treatment practices to control THM formation during chlorine-based disinfection. 
Overall, in this study THM formation increased at chlorine doses greater than the breakpoint, 
where free available chlorine is present, and ammonia is absent. THM formation increased with 
higher DOC concentrations and NOM containing a higher percentage of aromatic substances 
(humics). The presence of bromide and low UV absorbing NOM types (fulvics) shifted THM 
formation from chlorinated to brominated compounds. The following sections discuss how THM 
formation is influenced by chlorine dose and the presence of a free chlorine residual, DOC 
concentration and NOM type, and how THM speciation is influenced by bromide concentration 




5.2.1 THM Formation 
5.2.1.1 THM formation as a function of chlorine dose 
THM formation as a function of chlorine dose was investigated by measuring THM 
concentrations in each water sample under a range of chlorine doses. Results showed that 
increasing the chlorine dose in a water sample with fixed DOC and Br- concentrations increased 
the overall TTHM formation (Figure 25). Results indicate that there is some THM formation 
before the breakpoint, however after the breakpoint, under free chlorine residual, THM formation 
increased twofold. These findings are in line with the well understood concept that the presence 
of ammonia in a water sample significantly decreases but does not eliminate THM formation in 
waters containing humic substances due to competing reactions between ammonia and organic 
matter with chlorine (Trussell and Umphres, 1977; Amy et al., 1984; Hua and Reckhow, 2012).  
Early research by Trussell and Umphres (1977) identified three phases of THM formation 
based on chlorine dose: Before the breakpoint, chlorine demand by inorganic materials such as 
ammonia limits the amount of THM formation.  At the breakpoint chlorine dose, initial chlorine 
demand is satisfied and reactions between chlorine and organic matter occur, producing 
significant concentrations of THMs. The final stage occurs after the breakpoint when enough 
chlorine is added to produce a long-term chlorine residual. In this range there is some additional 
THM formation, however it is not as significant as the second phase because most of the fast 
reacting organic matter has already reacted, although this also depends on precursor content and 
composition and Cl2/DOC ratio. Based on this explanation, most THM formation occurs directly 
after the breakpoint chlorine dose. This was observed to some extent in the artificial waters, with 
the highest TTHM: Cl2 ratio occurring at the breakpoint chlorine dose, however this trend is 




experiments by Kruithof (1986) observed that TTHM formation before and around the chlorine 
breakpoint dose are due to competitive reactions that occur with rapidly reacting THM 
precursors. The THMs that form after the breakpoint, under the presence of a free chlorine 
residual are slower reacting THM precursors that form during longer reaction times. The 
experiments for this study used a constant reaction time of 30 minutes, which may not have 
captured all THM formation from the slower reacting precursors. These experiments formed 10 – 
40% of THMFP measured after a 7-day reaction time. A 30 minute reaction time was selected to 
represent practical drinking water reaction times, however these results may be more clear if 
repeated with longer reaction times such as 1 to 4 hours to include THM formation from the 





Figure 32: TTHM:Cl2  relationship for artificial waters (a) and  practical  waters (b). Practical waters 
did not display a breakpoint due to low concentrations of ammonium.  
5.2.1.2 THM formation as a function of DOC concentration 
THM formation as a function of DOC concentration in waters being chlorinated was 
investigated by measuring THM concentrations in artificial waters containing 3 or 10 mg/L C 
DOC. Results found that increasing the DOC concentration while keeping all other parameters 
constant increased the overall TTHM concentration (Table 14, Figure 29a). This is expected as 


























































formation (Stevens et al., 1976; Rook, 1977; Reckhow et al., 1990). THM yield, which depicts 
the relationship between THM formation and DOC concentration, remained constant for each 
NOM type regardless of a DOC concentration of 3 mg/L or 10 mg/L. However, THM yield 
differed depending on the type of NOM (Figure 29b). For example, WWTP had the highest DOC 
of 12 mg/L and high TTHM concentrations, however SRHA which contained 10 mg/L DOC had 
higher TTHM yields. This indicates that other parameters, such as type of NOM, play an 
important role in THM formation.  This is discussed further in section 5.2.1.3. 
5.2.1.3 THM formation as a function of NOM Type 
THM formation as a function of NOM type and the relationship of THM formation with 
SUVA was investigated by analyzing artificial waters created with four different NOM standards 
at the same DOC concentration. Results of the THMFP and practical chlorination disinfection 
conditions showed that with fixed DOC and Br- concentrations, the fulvic acids formed less 
THMs than the humic acids under the same free chlorine residual concentrations (Figure 22 and 
Figure 30). This is supported by research by Reckhow, Singer and Malcolm (1990) that found 
that aquatic humic acids containing activated aromatic structures consume more chlorine and 
produce more chloroform (TCM) per carbon than aquatic fulvic acids from the same source 
water. This is because humic acids react with both HOBr and HOCl while fulvics react primarily 
with HOBr. Due to the low Br- concentrations (0.06 or 0.3 mg/L) compared to the chlorine doses, 
precursors in the humic acids had excess HOCl to react with, resulting in higher THM 
concentrations.  
Results also showed that as free chlorine residual increased, THMs in SRNOM and 
SRHA waters continued to increase while THM formation in PLFA and SIXFA plateaued after 




SRHA, which contained approximately 80% humic substances made up of humic acids (Table 
8), had a high content of fast reacting precursors which react and form THMs not only at the 
breakpoint but also in the presence of a long term free chlorine residual. Alternatively, PLFA, 
which contained a variety of NOM fractions including building blocks, neutrals and acids and 
hydrophobic material (Table 8) contained some fast reacting precursors resulting in less THM 
formation after the breakpoint chlorine dose due to the short reaction time of 30 minutes. A 
plateau in THM concentration was also observed in PWN-MF and PWN-VLZF, indicating that 
the pretreated drinking waters contained similar slow reacting precursors as PLFA. This is 
supported by LC-OCD results that PWN-MF and PWN-VLZF were made up of a variety of 
NOM fractions including building blocks, neutrals and acids and hydrophobic material (Table 8, 
Figure 15). Alternatively, WWTP results showed a similar trend as SRNOM and SRHA, an 
increase in THM formation as chlorine dose increase. This indicates that the NOM in WWTP 
contained fast reacting precursors, despite a lower humic content (45%) and a broad range 
organic compounds composition (Table 8, Figure 15). 
The correlation between THM formation and humic material can be further investigated 
by comparing specific UV absorbance (SUVA). DBP research has found that SUVA directly 
relates to THM formation due to the fact that precursors are aromatic, hydrophobic compounds 
that also contribute to a larger SUVA value (Reckhow, Singer and Malcolm, 1990; Kitis et al., 
2002; Liang and Singer, 2003; Chen and Westerhoff, 2010). Kitis et al. (2002) reported a clear 
trend in increasing DBP formation with increasing SUVA in waters with the same DOC, Br- and 
Cl2 concentrations. The study also found that chemical properties of NOM, such as aromaticity, 
play a larger role in predicting DBP formation than molecular weight, suggesting that SUVA is a 




from this study agree with the research that show a direct relationship between SUVA and THM 
formation for the artificial waters and the practical waters (Figure 23 and Figure 31a). 
5.2.2 THM Speciation 
THM speciation was investigated by looking at bromine incorporation and calculating the 
bromine substitution factor (BSF) as described in Section 4.4.4. BSF is presented as the 
percentage of bromine incorporation; a higher percentage represents more bromine incorporation 
and higher ratio of brominated THMs to total THM concentration. 
5.2.2.1 THM speciation as a function of bromide concentration  
THM speciation as a function of Br- concentration in waters being chlorinated was 
investigated by measuring concentrations of different THMs in artificial waters containing 0.06 
or 0.3 mg/L Br- under a range of chlorine doses. Results found that increasing Br- from 0.06 to 
0.3 mg/L while keeping all other parameters constant showed a clear shift from chlorinated to 
brominated species (Section 4.4.4). TCM concentrations decreased while BDCM, DBCM and 
TBM all increased in concentration (Table 16). These results agree with well documented 
findings that increasing Br- concentration in a water being disinfected with chlorine will decrease 
the concentration of chlorinated THMs and increase the concentration of brominated THMs 
(Heller-Grossman et al., 1993; Chang, 2001; Chowdhury, 2010; Chen and Westerhoff, 2010). 
This is due to the mechanism that bromide in a water sample is rapidly oxidized by chlorine to 
form hypobromous acid (HOBr) which reacts with organic matter present in the water to form 
chloro-bromo and brominated THM species (Singer 1994; Heller-Grossman, 1993).  
Kinetics studies have shown that HOBr reacts substantially faster with organic matter 
than HOCl (Hua and Reckhow, 2006). Experiments by Westerhoff (2003) showed that second 




chlorine over a pH range of 5-11, indicating that bromine reaction with NOM is faster than 
chlorine by a factor of 10 or more. Furthermore, reaction rate studies during the “rapid initial 
consumption stage” estimated k values for bromine on the order of 500-5,000 M-1s-1, while k 
values for chlorine were estimated to be approximately 10 times less (Westerhoff, 2003). Zhai et 
al. (2014) performed experiments to investigate the formation of brominated DBPs by 
chlorinating a water containing SRHA and Br- and found that k values for HOCl reacting with 
NOM were 3.0 x103 M-1s-1 and 1.0 M-1s-1 for rapid and slow reactions respectively, while k 
values for HOBr reacting with NOM were 1.36 x106 M-1s-1 and 6.5 M-1s-1 for rapid and slow 
reactions respectively (Zhai et al., 2014).  
Table 16: Change in THM species concentrations due to increasing the bromide concentration from 0.06 















PLFA -15% -1% 65% 234% -3% 37% 
SIXFA -7% 21% 25% 10% 2% 19% 
SRNOM -29% 148% 932% 
 
0% 278% 




5.2.2.2 THM speciation as a function of chlorine dose 
Hua and Reckhow (2007) state that in chlorinated waters where chlorine concentrations 
are orders of magnitude higher than bromide concentrations, nearly all the bromide will be 
oxidized and react with NOM. Once bromide is exhausted, chlorine will react with remaining 
NOM to form chloroform. Therefore, brominated compounds form predominantly and under the 
presence of relatively low free chlorine residuals. The relationship between bromine 
incorporation and chlorine dose is observed in the two pretreated drinking waters (PWN-MF and 
PWN-VLZF), where bromine incorporation peaked at a low free Cl2:Br- ratio of approximately 




chlorine residual increased (Figure 33). Thus, higher chlorine doses were more associated with 
chloroform formation, while lower chlorine doses had a higher influence of brominated species. 
Hua and Reckhow (2012) explain that this trend is due to competing reactions between Br- and 
NOM with chlorine. With low chlorine doses (before the breakpoint dose) competing reactions 
between chlorine and ammonia result in less reactions with Br- or NOM, thus THM formation is 
low. BSF peaks as chlorine dose increases when there is free available chlorine for reactions with 
Br- or HOBr to form chloro-bromo and brominated THMs. Finally, Br- demand will become 
exhausted and BSF will decline as reactions between HOCl and NOM form chlorinated 
compounds. This trend was observed for both pretreated drinking waters analyzed however it 
was less clear in the artificial waters analyzed (Appendix G). 
 
Figure 33: The relationship between bromine substitution factor (BSF) and free Cl2 residual: Br- ratio for 
three practical waters.  
5.2.2.3 THM speciation as a function of NOM Type 
While humic acids had higher TTHM formation than fulvic acids, it is important to 
understand the THM species distribution between NOM types because research has shown that 
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Experimental results found an indirect relationship between SUVA and BSF under practical 
disinfection conditions (Figure 31b) and formation potential conditions. This was also observed 
by Kitis et al. (2002) who found that brominated THMs are more likely to form in lower UV-
absorbing NOM fractions. Thus, waters with higher SUVA values are expected to have higher 
TTHM yields with less bromine incorporation, indicating that the increase in TTHM is largely 
due to chloroform formation. This agrees with research findings that bromine is also reactive 
with low SUVA aliphatic precursors while chlorine is only reactive with high SUVA aromatic 
precursors. Heller-Grossman et al. (1993) summarized that the two primary THM precursors are 
(1) activated aromatic rings, which are reactive with chlorine and bromine and produce high 
SUVA, and (2) aliphatic materials which are reactive with bromine only and produce low SUVA. 
Therefore, it is expected for low SUVA waters to have lower TTHM concentrations with more 



























Figure 34: Relationship between bromine substitution factor (BSF) and bromide concentration from 0.06 
to 0.3 mg/L for four different NOM sources. All waters contained a chlorine dose to reach a free chlorine 
residual of 5 mg/L. 
This relationship was observed in this study by comparing the four artificial waters 
containing 0.06 mg/L Br- and 3 mg/L DOC of various NOM standards. At a Br:DOC ratio of 
0.003, PLFA and SIXFA, the two artificial waters containing fulvic acids, had 12% and 16% BSF 
respectively, while SRHA, the artificial water containing humic acid had only 2% BSF (Figure 
34). This shows that at low bromide concentrations (0.06 mg/L), bromine incorporation is higher 
in fulvic acids than humic acids. This relationship could explain why the two pretreated drinking 
waters, PWN-VLZF and PWN-MF, with low SUVA values of 2.01 and 1.81 respectively, had the 
lowest TTHM yield and the highest BSF (Figure 31).  This relationship is important for drinking 
waters containing high bromide concentrations because SUVA may not be a complete predictor 
of THM precursors and research has shown that brominated THMs are more toxic than their 
chlorinated counterparts (Plewa et. al, 2008). It is clear that NOM contains a variety of 
precursors that react under different conditions including reactions with HOBr and/or HOCl and 
at different rates. A 30 minute reaction time was selected for the experiments to represent 
practical conditions for drinking water treatment, however results may vary with longer reaction 
times. As discussed in Section 5.2.1, reactions between precursors and HOBr are much faster 
than reactions between precursors and HOCl to form THMs. Therefore, with longer reaction 
times it is expected that chloroform concentration will increase, reducing bromine incorporation 
while increasing overall TTHM concentrations approaching THMFP levels. 
5.3 Recommendations for practice 
This research shows the importance of water characteristics in the formation of harmful 
disinfection by products (DBPs) including NDMA and THMs in waters being disinfected by 




inorganics including ammonium and bromide in the formation of disinfection by products from 
chlorine-based disinfection. 
5.3.1 Ammonium (NH4+) 
The presence of ammonium in waters being disinfected with chlorine will alter 
disinfection mechanism by forming chloramines and preventing a significant free chlorine 
residual at a Cl:NH4+ ratio less than approximately 2. The presence of ammonium significantly 
reduces THM formation while increasing NDMA formation, as chloramines play a critical role in 
NDMA formation. Alternatively, the absence of ammonium, or applying a chlorine dose high 
enough to obtain a free chlorine residual will significantly increase THM formation while 
decreasing or even avoiding NDMA formation (Section 5.1.1). These results stress the 
importance of the disinfection regime when implementing chloramine disinfection. As described 
in Section 5.1.1, NDMA forms through reactions between organic matter and dichloramine. 
Therefore to limit NDMA formation, disinfection chemistry and chlorination breakpoint 
experiments should be performed for the water being disinfected in order to pinpoint the 
chloramine dose that will limit dichloramine formation while providing adequate residual 
disinfection. Furthermore, waters containing large fractions of hydrophilic and basic NOM 
fractions or waters impacted by wastewater effluent contain higher NDMA precursors and 
therefore should perform DBP formation potential studies prior to disinfecting by 
chloramination. 
5.3.2 Bromide and Iodide 
The influence of bromide on the formation of THMs was investigated in this research by 
altering bromide concentrations in a variety of water types. Results found that bromide is an 




form. Elevated bromide levels in a drinking water being chlorinated will not significantly 
increase overall THM formation however it will shift THM speciation from chloroform to 
bromoform and chloro-bromo species (Section 5.2.2.1). While iodinated THMs were not as 
significant in these experiments, waters containing elevated levels of iodine will form iodinated 
DBPs and it is expected that THM speciation will shift to iodinated compounds. This is 
important because research has shown different toxicity effects from brominated and iodinated 
species and that bromoform and idoform are more toxic to human health than their chlorinated 
counterparts (Plewa et al., 2008). 
Drinking water sources containing elevated levels of bromide or iodide, such as coastal 
regions and water sources impacted by seawater intrusion, are more susceptible to brominated 
and iodinated DBP formation and should perform THM formation potential studies and 
investigate methods to reduce bromide and iodide concentrations prior to disinfecting with 
chlorine-based disinfectants. Methods to remove DBPs after disinfecting, such as granular 
activated carbon (GAC) adsorption should also be investigated.  
5.3.3 Natural Organic Matter (NOM)  
NOM is ubiquitous in surface water and is the predominant precursor for THM 
formation. Reducing NOM through pretreatment practices such as conventional coagulation, 
flocculation and sedimentation or more advanced ion exchange and microfiltration, will decrease 
the NOM concentration in the water being disinfected and limit THM formation potential by 
decreasing the amount of precursors. Moreover, pretreatment will also alter the NOM 
composition. Results of these experiments showed the importance of NOM characteristics in 
DBP formation. Generally, waters with high SUVA , high aromaticity and high concentration of 




primarily aliphatic materials and fulvic acids (Section 5.2.1.3). Therefore, SUVA is a good 
indicator of THM formation potential.  
NOM characteristics are also important for THM speciation. Results showed that fulvic 
acids, which contain more aliphatic material are more reactive with bromine, forming 
brominated THMs while humic acids which contain activated aromatic rings, are also reactive 
with chlorine, forming chlorinated as well as brominated THMs (Section 5.2.2.3). Therefore, a 
low SUVA water containing fulvic acids will have lower overall THM formation with more 
brominated THMs while a higher SUVA water containing humic acids will have higher THM 
formation with more chlorinated compounds. 
This is important because pretreatment methods for removing NOM differ in removal 
mechanism and target different NOM fractions. Pretreatment methods for DBP control include 
enhanced coagulation, biofiltration, preozonation to degrade aromatic content, activated carbon 
filtration and anion exchange (McGuire et al., 2014). However, pretreatment practices should be 
optimized depending on the unique characteristics of the organic matter in the raw water source 
to effectively reduce NOM and limit THM formation. For example, large compounds of humic 
acids are easier removed by coagulation than fulvic acids, while anion exchange resins remove 
negatively charged NOM fractions and can be optimized to remove NOM fractions that are not 
easily removed by coagulation (McGuire et al., 2014). In the experiments in this study, both 
conventional pretreatment (PWN-VLZF) and advanced pretreatment (PWN-MF) at PWN 
removed humic acids, thus the remaining 2 mg/L DOC contained primarily fulvic acids (Table 
8). The resulting THM concentrations remained low (15-20 µg/L) with high bromine 
incorporation (30 – 45% BSF) (Figure 27). It is critical for THM formation potential experiments 




5.3.4 Wastewater effluent  
In addition to exploring DBP formation in pretreated drinking waters, this study also 
investigated DBP formation in chlorine-based disinfection on secondary treated wastewater 
effluent. Results found that wastewater effluent contains a larger variety of precursors, such as 
secondary amine and nitrogen containing anthropogenic compounds compared to pretreated 
drinking waters. Thus, higher NDMA formation is expected. The higher THM formation in 
WWTP was due to the higher DOC concentration as well as the NOM composition containing 
fast reacting precursors. Disinfecting secondary treated effluent has the potential to form elevated 
levels of NDMA and THMs due to the high concentrations as well as the nature of the precursors 
contained in the organic matter. Formation potential studies should be performed prior to 
disinfecting wastewater and discharging it into the environment. DBP control can be 
implemented prior to disinfection by removing or degrading precursors as discussed in the 
previous section (Section 5.3.3), or by removing DBPs after they are formed. Common methods 






6 Conclusions and Recommendations 
This chapter summarizes conclusions made based upon the findings from this research. 
Recommendations for future research topics to further study the formation mechanisms of 
disinfection by-products are included in this section.  
6.1 NDMA formation mechanisms 
The following conclusions can be drawn regarding NDMA formation in chlorinated 
waters from the experiments in this study: 
1. Of the eight nitrosamines analyzed, NDMA was the only nitrosamine reliably 
detected in significant quantity in drinking water and secondary treated 
wastewater effluent under the conditions tested.  
2. NDMA formation is most significant in waters disinfected with chloramines and 
becomes insignificant in waters containing free chlorine residual. 
3. The formation mechanism for NDMA involves reactions of NOM with 
dichloramine, or intermediates of dichloramine degradation, rather than 
monochloramine.  
4. The presence of NDMA precursors seems higher in wastewater than in drinking 
water, indicating the importance of compounds present in wastewater effluent 
such as nitrogen containing anthropogenic chemicals.  
5. NDMA formation is higher in waters with a variety of NOM including 





6.2 Trihalomethanes (THMs) 
The following conclusions were drawn regarding THM formation in chlorinated waters 
from the experiments in this study:  
1. THM formation is affected by chlorine dose, DOC concentration and NOM type: 
a. THM formation is most significant in waters disinfected with chlorine 
under the presence of a free chlorine residual. THM formation increases 
most significantly at, or just after the breakpoint chlorine dose and slightly 
increases with higher chlorine residuals given a 30 minute reaction time.   
b. Organic matter is the primary precursor for THM formation. Increasing 
DOC will increase THM formation. 
c. High UV absorbing humic acids have higher THM yields than low UV 
absorbing fulvic acids. SUVA has a direct relationship with THM 
formation and is a good indicator of THM formation potential. 
2. THM speciation is affected by chlorine dose, bromide concentration and NOM 
type: 
a. Higher chlorine doses lead to more chlorine incorporation and are more 
associated with chloroform formation while lower chlorine doses have 
higher influence of brominated species resulting in higher bromine 
incorporation. 
b. The presence of bromide causes the formation of chloro-bromo and 
brominated THM species due to oxidation of bromide to HOBr. Reactions 
between HOBr and NOM have higher reaction rates and are therefore 




c. Fulvic acids, which are characterized by low SUVA have higher bromine 
incorporation because they are reactive with bromine and not normally 
reactive with chlorine. Humic acids contain high UV absorbing, aromatic 
compounds that are also reactive with chlorine and will have more 
chlorine incorporation resulting in higher THM formation largely due to 
increased chloroform concentrations.  
6.3 Recommendations for future research 
The following are recommendations for future research on the formation mechanisms of 
DBPs: 
1. Investigate fast and slow reacting THM precursors: This research indicated that 
fulvic acids and humic acids contain a variety of precursors with different reaction 
rates. It is expected that precursors in fulvic acids have slower reaction rates so 
increasing reaction times from 30 minutes to up to 24 hours or multiple days to 
represent extended times in the distribution system could show increased THM 
concentrations and affect THM speciation. Investigating THM formation along a 
range of chlorine reaction times could provide insight to the reaction rates of 
different precursors. 
2. Investigate other important parameters in DBP formation. Important parameters 
such as pH, temperature and reaction time remained constant for this study 
however these parameters can influence THM and nitrosamine formation and 





3. Investigate the formation mechanisms of other DBPs: This research focused on 
the formation mechanisms of two classes of DBPs (THMs and nitrosamines) 
however there are hundreds of DBPs formed by chlorine-based disinfectants. 
These experiments could be repeated to investigate the formation mechanisms of 
other groups of DBPs such as haloacetic acids (HAAs) and other nitrogenous 
DBPs of emerging concern. 
4. Continued research on toxicity and health effects of THMs, NDMA and other 
DBPs: Toxicological research of DBP compounds should be continued to 
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Appendix A: Detailed Procedures 
A.1 Artificial Water Preparation 
Overview: Prepare a 1L batch of artificial water samples based on water matrix by adding 
known concentration of NOM, bromide and ammonium to MilliQ (MQ) water. Solution should 
be prepared immediately before using. Sample water batches will be prepared on an as needed 
basis and should not be stored for future use. 
 
Procedure: 
1. Calculate the required dose of NOM, Bromide and Ammonium to make a 1 liter batch of 
sample water according to the water matrix. Adjust dose if preparing a volume other 
than 1 liter. 
𝐷𝑜𝑠𝑒 (𝑚𝐿) =
ௗ௘௦௜௥௘ௗ ௖௢௡௖௘௡௧௥௔௧௜௢௡ ቀ೘೒ಽ ቁ௑ ி௜௡௔௟ ௩௢௟௨௠௘ (ଵ଴଴଴௠௅)
௦௧௢௖௞ ௖௢௡௖௘௡௧௥௔௧௜௢௜௡ (೘೒ಽ )
  Equation 1 
 
2. Fill a volumetric flask approximately half full with MQ water.  
3. Using a pipette, add required dose of NOM, bromide and ammonium solution to the 
flask. 
4. Add phosphate buffer solution to adjust the pH to 7.5 ± 0.2 
5. Add MQ water to give a final volume of 1L. Cap and mix.  
6. Measure and record pH and temperature of artificial water 
7. Store at room temperature and dispose of remaining solution at the end of the day.  
 
A.2 Chlorine Stock Solution 
Overview: Dilute 150 g/L NaOCl available in the pilot lab to 350 – 600 mg/L concentration for 
dosing water samples. Due to instability of chlorine, measure chlorine concentration daily. 
Prepare a new batch every week and store in the lab fridge. 
 
Procedure: 
1. Add 1 mL industrial strength NaOCl (150g/L) to a glass bottle. 
2. Add 300mL MQ water to the bottle. Cap and mix. 
3. Label bottle and store in the fridge. 
4. Measure and record average chlorine stock concentration daily: 
a. Add 0.2 mL stock solution to 100 mL MQ water in a volumetric flask. 
b. Start program 80 (Chlorine F&T PP) on DR6000 spectrophotometer 
c. Zero instrument: Add 10 mL sample prepared in step 4a. to a sample cell, insert 
into the instrument and press zero. Discard sample and rinse sample cell.  
d. Transfer 10 mL sample into sample cell and add one total chlorine DPD pillow. 
Swirl to mix 
e. Insert sample cell into DR6000 and push read to display results in mg Cl2/L 




g. Calculate concentration of stock solution in mg/L for both trials according to the 




ቁ =  
Clଶ Residual ቀ
mg
L ቁ x Total volume (100 mL)
𝑆𝑡𝑜𝑐𝑘 𝐶ℎ𝑙𝑜𝑟𝑖𝑛𝑒 𝑎𝑑𝑑𝑒𝑑 (𝑚𝐿)
   
 
h. If results of the 2 trials have less than 5% difference, the chlorine concentration is 
the average of the two trials. If the results are greater than 5% difference, discard 
and repeat procedure. 
 
A.3 Free and Total Chlorine Measurement 
Overview: Free and total chlorine are measured using Hach DPD powder pillows and DR-6000 
Spectrophotometer using the DPD colorimetric standard method. 
 
Procedure: 
1. Start program 88 (Chlorine F&T HR) on DR6000 
2. 2 sample cells should be labeled for free and total chlorine and should remain separate to 
prevent interference of free chlorine reading.  
3. Zero instrument by adding 10mL sample to a sample cell, insert into the 
spectrophotometer and press zero. Discard sample and rinse sample cell.  
4. Use a pipette to add 5mL or 10mL of sample to free and total sample cells 
a. Concentrations 0 – 2.0 mg/L use 10mL sample 
b. Concentration 2.0 – 10.0 mg/L use 5mL sample 
5. Measure total chlorine: 
a.  Add contents of one TOTAL Chlorine DPD Pillow Powder into the sample cell 
designated for total chlorine, cap and mix. 
b. Wait 3 minutes 
c. Wipe cell with tissue, inset into spectrophotometer and press read to display 
chlorine residual.   
6. Measure free chlorine: 
a. Add contents of one FREE Chlorine DPD Pillow Powder into the sample cell 
designated for free chlorine, cap and mix. 
b. Within 30 seconds wipe cell with tissue, inset into spectrophotometer and press 
read to display chlorine residual.   
7. Correct all free and total chlorine readings based on the calibration curve: 







A.4 Chlorine Breakpoint Curve 
Overview: Chlorine breakpoint curves are developed for each water sample by dosing increasing 
amounts of chlorine and measuring free and total chlorine after 30 minutes 
 
Procedure: 
1. Measure and record pH and temperature of water sample 
2. Choose 8 chlorine doses from 0 to 55 mg Cl2/L and calculate the required amount of 
stock chlorine to add based on the known stock chlorine concentration. 
3. Label 8 100mL volumetric flasks with the chlorine doses determined in step 2. 
4. Use a pipette to add 50 mL sample water to a 100 mL volumetric flask 
5. Use a pipette to add the amount of chlorine determined in step 1 to the flask 
6. Fill flask to the 100mL mark with MQ water, cap and invert 5 times to mix 
7. Record time, store in dark location, and wait for 30 minutes 
8. After 30 minute contact time measure free and total chlorine residual concentration using 
DPD Pillow Powders and DR6000 procedure “Free and Total Chlorine Measurement” 
(cf. A3) 
9. Repeat steps 3 to 7 increasing the chlorine dose each time. 
10. Plot chlorine dose (mg/L) vs. total chlorine residual (mg/L) to get the breakpoint curve 
and chlorine dose (mg/L) vs. free chlorine residual (mg/L) for further information. 
This procedure was developed from Hach Chlorine Demand/Requirement Standard Method 
10223 and Method 10069, IHE Surface Water Treatment Laboratory Manual and procedure 
provided by HWL 
 
A.5 Sample preparation for Nitrosamine Analysis  
Overview: KWR Laboratory analyzes samples for 8 nitrosamines. Water is prepared or collected 
and dosed with a range of chlorine doses along the breakpoint curve. After 30 minutes contact 
time the sample is quenched with sodium thiosulfate to stop the reaction. The sample is sent to 
KWR for analysis.  
 
Procedure: 
1. Collect 625 mL sample water in a clean 1L glass bottle. 
2. Add chlorine stock solution to the artificial water to reach the desired dose. Record how 
much chlorine was added (mL) and the calculated dose (mg/L) based on the known 
concentration of chlorine stock solution.  
3. Cap the bottle and invert 5 times to mix. Store sample in the dark at room temperature for 
30 minutes. 
4. After 30 minute reaction time, remove 20 mL of sample with a pipette for chlorine 
residual, pH and temperature measurements.  
a. Use the pH meter to record pH and temperature 
b. Measure free and total chlorine using the DPD PP method (Cf. A3) 
5. Transfer the remaining sample (approximately 600 mL) to a 1L glass bottle containing 




6. Repeats steps 1-5 to prepare samples with a range of chlorine doses 
7. Transport samples to KWR in cold and dark storage. 
 
A.6 Sample preparation for THM & HAA Analysis at Lille University 
Overview: Lille University analyzes samples for THMs and HAAs. Water is prepared or 
collected and dosed with a range of chlorine doses along the breakpoint curve. After 30 minutes 
contact time the sample is quenched with ascorbic acid to stop the reaction. The sample is sent to 
Lille University for analysis.  
 
Procedure: 
1. Label clean 64 mL sample tubes based on the chlorine dose and water type 
2. Add to each sample tube the amount of chlorine stock solution needed to reach the 
desired dose. Record chlorine added (mL) and the calculated dose (mg/L) based on the 
known concentration of chlorine stock solution.  
3. Add sample water to each tube to completely fill the vessel and cap without headspace. 
Invert and confirm that there are no air bubbles present. 
4. Store samples in the dark at room temperature for 30 minutes. 
5. After 30 minute reaction time, carefully uncap and remove 2mL of sample with a pipette. 
Add the necessary amount of ascorbic acid to fully quench the remaining chlorine. Recap 
sample without headspace. 
6. Repeat steps 1-5 to prepare samples with a range of chlorine doses 
7. Transport samples to Lille University in cold and dark storage. 
NOTE: Due to the volatility of THMs, it is necessary that the samples remain headspace free. If 





Appendix B: Chlorination Breakpoint Curves 
 
Figure B1: Artificial water breakpoint curve for SRHA at DOC concentration of 3 mg/L (SRHA3) or 10 
mg/L (SRHA10) and a bromide concentration of 0.06 mg/L (B6) or 0.30 mg/L (B30) and ammonium 
concentration of 4 mg/L, with the exception of SRHA3+B6+N0 which did not contain ammonium. 
 
 
Figure B2: Artificial water breakpoint curve for PLFA at DOC concentration of 3 mg/L (PLFA3) or 10 
mg/L (PLFA10) and a bromide concentration of 0.06 mg/L (B6) or 0.30 mg/L (B30) and ammonium 


































































Figure B3: Artificial water breakpoint curve for SIXFA at DOC concentration of 3 mg/L (SIXFA3) or 10 
mg/L (SIXFA10) and a bromide concentration of 0.06 mg/L (B6) or 0.30 mg/L (B30) and ammonium 
































Appendix C: NDBA results 
NDBA results for eight artificial waters and secondary treated wastewater (WWTP) sample. Points 0, A, 
B, C, D represent chlorine doses along the breakpoint as indicated on the breakpoint curve. Note: the 
values written in red had higher detection limits. 
  
NDBA (ng/L)   
0 A B C D  
SRHA3 - <2.0 <2.0 <2.0 <2.0  
SRHA10 <2.0 <4.0 <4.0 5.1 <2.0  
SRNOM3 - <2.0 <2.0 2.4 <2.0  
SRNOM10 3.1 3.0 3.0 2.9 <2.0  
PLFA3 - 3.0 3.4 2.1 <2.0  
PLFA10 <2.0 <2.0 <2.0 <2.0 <2.0  
SIXFA3 - 2.4 3.2 <2.0 <2.0  
SIXFA10 2.1 <2.0 <2.0 <2.0 <2.0  
WWTP <2.0 <2.0 <2.0 <2.0 <2.0              






Appendix D: THM results table 
Table of trihalomethane results including the iodinated compounds. See Table 7 for a list 
of all THMs analyzed and abbreviations and Table 3 for sample abbreviations. Each sample 
contained one specific NOM type, DOC concentration and Br concentration and was tested for 5 
chlorine dose. SRHA3+B30 was also tested in duplicate to estimate the measurement error.  
  
Total THM (TTHM) Iodinated compounds 






















23 SRHA3+ B30  23 39.2 14.1 4.2 0.8 0.022 0.033 N/A N/A N/A N/A 
23 SRHA3+ B30  23 38.9 13.6 4.0 0.7 0.017 0.028 N/A N/A N/A N/A 
29 SRHA3+ B30  29 61.3 28.0 12.0 1.5 N/A 0.022 N/A N/A N/A N/A 
29 SRHA3+ B30  29 60.0 27.5 11.7 1.4 N/A 0.020 N/A N/A N/A N/A 
35 SRHA3+ B30  35 72.1 24.2 16.9 2.6 N/A N/A N/A N/A N/A N/A 
35 SRHA3+ B30  35 70.5 23.5 16.3 2.4 N/A N/A N/A N/A N/A N/A 
38 SRHA3+ B30  38 75.4 25.5 18.0 2.7 N/A N/A N/A N/A N/A N/A 
38 SRHA3+ B30  38 75.0 25.2 17.6 2.6 N/A N/A N/A N/A N/A N/A 
48 SRHA3+ B30  48 87.7 53.1 26.5 2.0 N/A N/A N/A N/A N/A N/A 
48 SRHA3+ B30  48 90.5 53.6 26.1 2.1 N/A N/A N/A N/A N/A N/A 
23 SRHA3 +B6 23 49.2 3.9 0.4 N/A N/A N/A N/A N/A N/A N/A 
29 SRHA3 +B6 29 78.4 7.8 0.7 N/A N/A N/A N/A N/A N/A N/A 
35 SRHA3 +B6 35 99.0 8.2 1.4 N/A N/A N/A N/A N/A N/A N/A 
38 SRHA3 +B6 38 102.1 9.7 1.6 N/A N/A N/A N/A N/A N/A N/A 
48 SRHA3 +B6 48 133.3 16.8 2.0 N/A N/A N/A N/A N/A N/A N/A 
28 SRHA10+B30 28 160.6 29.0 3.0 0.1 N/A 0.011 N/A N/A N/A N/A 
35 SRHA10+B30 35 249.0 46.2 4.7 0.1 N/A 0.009 N/A N/A N/A N/A 
40 SRHA10+B30 40 343.2 44.1 6.5 0.2 N/A 0.011 N/A N/A N/A N/A 
44 SRHA10+B30 44 378.3 49.2 7.0 0.2 N/A N/A N/A N/A N/A N/A 
54 SRHA10+B30 54 472.4 83.9 9.4 0.2 N/A N/A N/A N/A N/A N/A 
23 SRNOM3 +B30 23 31.9 9.3 1.8 0.3 0.012 0.023 0.011 N/A N/A N/A 
28 SRNOM3 +B30 28 41.3 15.4 7.2 1.5 N/A 0.008 N/A N/A N/A N/A 
34 SRNOM3 +B30 34 44.4 18.9 15.6 3.2 N/A N/A N/A N/A N/A N/A 
38 SRNOM3 +B30 38 46.8 26.3 18.5 2.8 N/A N/A N/A N/A N/A N/A 
48 SRNOM3 +B30 48 50.7 29.1 18.4 3.0 N/A N/A N/A N/A N/A N/A 
23 SRNOM3 +B6 23 33.7 2.3 0.1 N/A 0.016 N/A N/A N/A N/A N/A 
28 SRNOM3 +B6 28 51.5 5.1 0.6 N/A N/A N/A N/A N/A N/A N/A 
34 SRNOM3 +B6 34 62.4 7.6 1.5 N/A N/A N/A N/A N/A N/A N/A 
38 SRNOM3 +B6 38 69.7 13.1 2.6 N/A N/A N/A N/A N/A N/A N/A 
48 SRNOM3 +B6 48 79.5 15.6 2.5 N/A N/A N/A N/A N/A N/A N/A 





Total THM (TTHM) Iodinated compounds 
32 SRNOM10 +B30 32 159.1 42.6 7.2 0.3 0.016 0.020 N/A N/A N/A N/A 
38 SRNOM10 +B30 38 197.6 45.6 11.0 0.6 N/A 0.014 N/A N/A N/A N/A 
41 SRNOM10 +B30 41 204.5 51.2 12.6 0.6 N/A N/A N/A N/A N/A N/A 
51 SRNOM10 +B30 51 261.9 78.4 16.0 0.5 N/A N/A N/A N/A N/A N/A 
23 SIXFA3 +B30 23 18.8 8.0 2.7 0.5 0.015 0.035 0.018 N/A N/A N/A 
28 SIXFA3 +B30 28 25.5 12.8 6.3 1.4 N/A 0.027 0.011 N/A N/A N/A 
34 SIXFA3 +B30 34 24.7 11.4 9.4 2.8 N/A N/A N/A N/A N/A N/A 
38 SIXFA3 +B30 38 23.0 11.7 9.1 2.3 N/A N/A N/A N/A N/A N/A 
48 SIXFA3 +B30 48 25.4 12.7 8.6 1.5 N/A N/A N/A N/A N/A N/A 
23 SIXFA3 +B6 23 20.1 8.7 3.6 1.0 N/A 0.020 0.010 N/A N/A N/A 
28 SIXFA3 +B6 28 25.7 12.9 6.4 1.3 N/A 0.015 0.006 N/A N/A N/A 
34 SIXFA3 +B6 34 26.6 9.5 7.5 2.5 N/A N/A N/A N/A N/A N/A 
38 SIXFA3 +B6 38 27.4 13.4 11.0 3.0 N/A N/A N/A N/A N/A N/A 
48 SIXFA3 +B6 48 28.6 14.3 9.7 1.6 N/A N/A N/A N/A N/A N/A 
25 SIXFA10 +B30 25 57.3 13.2 3.4 0.6 0.020 0.036 0.018 N/A N/A N/A 
32 SIXFA10 +B30 32 85.1 40.2 13.2 1.3 0.023 0.052 0.014 N/A N/A N/A 
38 SIXFA10 +B30 38 100.6 47.3 19.5 1.6 N/A N/A N/A N/A N/A N/A 
38 SIXFA10 +B30 38 103.7 48.6 19.7 1.7 N/A N/A N/A N/A N/A N/A 
41 SIXFA10 +B30 41 99.6 48.9 19.2 1.5 N/A N/A N/A N/A N/A N/A 
41 SIXFA10 +B30 41 97.7 48.2 19.1 1.5 N/A N/A N/A N/A N/A N/A 
51 SIXFA10 +B30 51 103.3 51.1 18.2 1.1 N/A N/A N/A N/A N/A N/A 
23 PLFA3+ B30 23 11.4 6.2 2.6 0.6 0.015 0.045 0.027 N/A N/A N/A 
27 PLFA3+ B30 27 12.7 6.1 3.5 1.2 N/A 0.011 0.008 N/A N/A N/A 
30 PLFA3+ B30 30 13.6 4.8 4.2 2.5 N/A N/A N/A N/A N/A N/A 
35 PLFA3+ B30 35 13.0 5.0 3.8 1.2 N/A N/A N/A N/A N/A N/A 
44 PLFA3+ B30 44 14.8 7.4 4.8 1.1 N/A N/A N/A N/A N/A N/A 
44 PLFA3+ B30 44 14.7 7.3 4.8 1.1 N/A N/A N/A N/A N/A N/A 
23 PLFA3+ B6 23 12.8 6.3 2.2 0.5 0.011 0.039 0.018 N/A N/A N/A 
23 PLFA3+ B6 23 12.7 6.2 2.2 0.5 0.011 0.036 0.018 N/A N/A N/A 
27 PLFA3+ B6 27 16.4 8.3 3.7 1.0 N/A 0.014 0.006 N/A N/A N/A 
30 PLFA3+ B6 30 15.9 4.8 2.5 0.7 N/A N/A N/A N/A N/A N/A 
30 PLFA3+ B6 30 16.0 4.8 2.5 0.7 N/A N/A N/A N/A N/A N/A 
35 PLFA3+ B6 35 16.3 5.6 4.2 1.3 N/A N/A N/A N/A N/A N/A 
44 PLFA3+ B6 44 17.6 9.4 5.5 1.2 N/A N/A N/A N/A N/A N/A 
5 WWTP 5  43.9 25.6 7.3 0.7 0.953 2.119 0.285 0.067 N/A N/A 
10 WWTP 10 92.9 38.3 9.9 0.7 0.642 1.261 0.181 0.020 N/A N/A 
20 WWTP 20 104.3 53.4 12.4 0.7 0.327 0.570 0.082 N/A N/A N/A 
30 WWTP 30 151.3 83.0 17.7 1.0 0.328 0.490 0.062 N/A N/A N/A 
0 PWN-VLZF 0  0.4 0.4 0.2 N/A 0.014 0.025 N/A N/A N/A N/A 
0 PWN-VLZF 0  0.4 0.4 0.2 N/A 0.014 0.026 N/A N/A N/A N/A 
5 PWN-VLZF 5  2.8 6.4 7.5 2.9 0.030 0.173 0.090 N/A N/A N/A 
5 PWN-VLZF 5  2.7 6.3 7.3 2.8 0.029 0.171 0.084 N/A N/A N/A 





Total THM (TTHM) Iodinated compounds 
10 PWN-VLZF 10 3.1 4.6 5.6 1.3 0.026 0.125 0.048 N/A N/A N/A 
15 PWN-VLZF 15 3.6 5.1 5.8 1.2 0.027 0.126 0.040 N/A N/A N/A 
15 PWN-VLZF 15 3.6 5.0 5.5 1.1 N/A 0.111 0.038 N/A N/A N/A 
20 PWN-VLZF 20 4.2 7.9 7.6 1.6 0.028 0.123 0.040 N/A N/A N/A 
20 PWN-VLZF 20 4.5 8.1 7.7 1.6 0.029 0.122 N/A N/A N/A N/A 
0 PWN-MF 0  0.3 0.2 0.1 N/A 0.011 0.017 N/A N/A N/A N/A 
5 PWN-MF 5  3.1 5.6 6.0 2.3 0.053 0.187 0.071 N/A N/A N/A 
10 PWN-MF 10 3.4 4.6 4.2 1.1 0.051 0.121 0.042 N/A N/A N/A 
15 PWN-MF 15 4.4 6.1 5.4 1.3 0.073 0.140 0.039 N/A N/A N/A 






Appendix E: THM results Figures 
This section includes figures of THM results for artificial waters not included in the 
report.  TBM is tribromomethane (bromoform), DBCM is dibromochloromethane, BDCM is 
bromodichloromethane, TCM is trichloromethane (chloroform) 
 
Figure E 1: THM concentrations in SRHA3+B30, an artificial water containing 3 mg/L DOC, 0.3 mg/L 
Br- and 4 mg/L NH4+ at five chlorine doses along the breakpoint curve.  
 
 
Figure E 2: THM concentrations in SRHA10+B30, an artificial water containing 10 mg/L DOC, 0.3 mg/L 


































































































Figure E 3: THM concentrations in SRHA3+B6, an artificial water containing 3 mg/L DOC, 0.06 mg/L 
Br- and 4 mg/L NH4+ at five chlorine doses along the breakpoint curve.  
 
 
Figure E 4: THM concentrations in SIXFA3+B6, an artificial water containing 3 mg/L DOC, 0.06 mg/L 










































































































Figure E 5: THM concentrations in SIXFA10+B30, an artificial water containing 10 mg/L DOC, 0.3 
mg/L Br- and 4 mg/L NH4+ at five chlorine doses along the breakpoint curve.  
 
 
Figure E 6: THM concentrations in PLFA3+B30, an artificial water containing 3 mg/L DOC, 0.3 mg/L 



















































































































Figure E 7: THM concentrations in PLFA3+B6, an artificial water containing 3 mg/L DOC, 0.06 mg/L 




























































Appendix F: Table of Bromine Substitution Factors 
This section includes a table of TTHM results, BSF, ug/L bromine incorporated into 
TTHM and the % bromine incorporated. See Table 7 for a list of all THMs analyzed and 
abbreviations and Table 3 for sample abbreviations. Each sample contained one specific NOM 
type, DOC concentration and Br- concentration and was tested for 5 chlorine dose.  





















23 SRHA3+ B30  0.00375 0.25 23 39.2 14.1 4.2 0.8 58.3 10% 10.9 4% 
29 SRHA3+ B30  0.00375 0.25 29 61.3 28.0 12.0 1.5 102.8 14% 24.3 8% 
35 SRHA3+ B30  0.00375 0.25 35 72.1 24.2 16.9 2.6 115.8 13% 27.2 9% 
38 SRHA3+ B30  0.00375 0.25 38 75.4 25.5 18.0 2.7 121.5 14% 28.7 10% 
48 SRHA3+ B30  0.00375 0.25 48 87.7 53.1 26.5 2.0 169.3 17% 48.1 16% 
23 SRHA3 +B6 0.00075 0.25 23 49.2 3.9 0.4 0.0 53.5 2% 2.2 1% 
29 SRHA3 +B6 0.00075 0.25 29 78.4 7.8 0.7 0.0 86.9 3% 4.4 1% 
35 SRHA3 +B6 0.00075 0.25 35 99.0 8.2 1.4 0.0 108.6 2% 5.1 2% 
38 SRHA3 +B6 0.00075 0.25 38 102.1 9.7 1.6 0.0 113.4 3% 5.9 2% 
48 SRHA3 +B6 0.00075 0.25 48 133.3 16.8 2.0 0.0 152.1 3% 9.7 3% 
28 SRHA10+B30 0.00375 0.83 28 160.6 29.0 3.0 0.1 192.8 5% 16.6 6% 
35 SRHA10+B30 0.00375 0.83 35 249.0 46.2 4.7 0.1 300.0 5% 26.2 9% 
40 SRHA10+B30 0.00375 0.83 40 343.2 44.1 6.5 0.2 394.1 4% 26.7 9% 
44 SRHA10+B30 0.00375 0.83 44 378.3 49.2 7.0 0.2 434.7 4% 29.5 10% 
54 SRHA10+B30 0.00375 0.83 54 472.4 83.9 9.4 0.2 565.9 4% 48.3 16% 
23 SRNOM3 +B30 0.00375 0.25 23 31.9 9.3 1.8 0.3 43.3 8% 6.2 2% 
28 SRNOM3 +B30 0.00375 0.25 28 41.3 15.4 7.2 1.5 65.5 13% 14.5 5% 
34 SRNOM3 +B30 0.00375 0.25 34 44.4 18.9 15.6 3.2 82.1 18% 24.2 8% 
38 SRNOM3 +B30 0.00375 0.25 38 46.8 26.3 18.5 2.8 94.4 19% 29.7 10% 
48 SRNOM3 +B30 0.00375 0.25 48 50.7 29.1 18.4 3.0 101.2 18% 31.1 10% 
23 SRNOM3 +B6 0.00075 0.25 23 33.7 2.3 0.1 0.0 36.0 2% 1.2 0% 
28 SRNOM3 +B6 0.00075 0.25 28 51.5 5.1 0.6 0.0 57.2 3% 3.0 1% 
34 SRNOM3 +B6 0.00075 0.25 34 62.4 7.6 1.5 0.0 71.5 4% 4.9 2% 
38 SRNOM3 +B6 0.00075 0.25 38 69.7 13.1 2.6 0.0 85.4 5% 8.4 3% 
48 SRNOM3 +B6 0.00075 0.25 48 79.5 15.6 2.5 0.0 97.7 5% 9.6 3% 
25 SRNOM10 +B30 0.00375 0.83 25 92.5 21.6 3.0 0.2 117.3 6% 13.0 4% 
32 SRNOM10 +B30 0.00375 0.83 32 159.1 42.6 7.2 0.3 209.2 7% 26.6 9% 
38 SRNOM10 +B30 0.00375 0.83 38 197.6 45.6 11.0 0.6 254.8 7% 31.2 10% 
41 SRNOM10 +B30 0.00375 0.83 41 204.5 51.2 12.6 0.6 268.9 7% 35.2 12% 
51 SRNOM10 +B30 0.00375 0.83 51 261.9 78.4 16.0 0.5 356.9 8% 51.0 17% 
23 SIXFA3 +B30 0.00375 0.25 23 18.8 8.0 2.7 0.5 30.0 12% 6.5 2% 

























34 SIXFA3 +B30 0.00375 0.25 34 24.7 11.4 9.4 2.8 48.3 19% 15.4 5% 
38 SIXFA3 +B30 0.00375 0.25 38 23.0 11.7 9.1 2.3 46.1 20% 14.9 5% 
48 SIXFA3 +B30 0.00375 0.25 48 25.4 12.7 8.6 1.5 48.3 18% 14.2 5% 
23 SIXFA3 +B6 0.00075 0.25 23 20.1 8.7 3.6 1.0 33.3 14% 7.9 3% 
28 SIXFA3 +B6 0.00075 0.25 28 25.7 12.9 6.4 1.3 46.3 16% 12.5 4% 
34 SIXFA3 +B6 0.00075 0.25 34 26.6 9.5 7.5 2.5 46.1 16% 12.8 4% 
38 SIXFA3 +B6 0.00075 0.25 38 27.4 13.4 11.0 3.0 54.8 20% 17.8 6% 
48 SIXFA3 +B6 0.00075 0.25 48 28.6 14.3 9.7 1.6 54.2 18% 15.9 5% 
25 SIXFA10 +B30 0.00375 0.83 25 57.3 13.2 3.4 0.6 74.6 7% 9.7 3% 
32 SIXFA10 +B30 0.00375 0.83 32 85.1 40.2 13.2 1.3 139.7 13% 30.9 10% 
38 SIXFA10 +B30 0.00375 0.83 38 100.6 47.3 19.5 1.6 169.1 13% 39.6 13% 
41 SIXFA10 +B30 0.00375 0.83 41 99.6 48.9 19.2 1.5 169.2 14% 40.0 13% 
51 SIXFA10 +B30 0.00375 0.83 51 103.3 51.1 18.2 1.1 173.8 13% 40.0 13% 
23 PLFA3+ B30 0.00375 0.25 23 11.4 6.2 2.6 0.6 20.9 16% 5.6 2% 
27 PLFA3+ B30 0.00375 0.25 27 12.7 6.1 3.5 1.2 23.6 17% 6.9 2% 
30 PLFA3+ B30 0.00375 0.25 30 13.6 4.8 4.2 2.5 25.0 19% 7.9 3% 
35 PLFA3+ B30 0.00375 0.25 35 13.0 5.0 3.8 1.2 22.9 17% 6.4 2% 
44 PLFA3+ B30 0.00375 0.25 44 14.8 7.4 4.8 1.1 28.0 18% 8.3 3% 
23 PLFA3+ B6 0.00075 0.25 23 12.8 6.3 2.2 0.5 21.8 14% 5.2 2% 
27 PLFA3+ B6 0.00075 0.25 27 16.4 8.3 3.7 1.0 29.4 16% 7.8 3% 
30 PLFA3+ B6 0.00075 0.25 30 15.9 4.8 2.5 0.7 24.0 12% 5.0 2% 
35 PLFA3+ B6 0.00075 0.25 35 16.3 5.6 4.2 1.3 27.4 15% 7.2 2% 
44 PLFA3+ B6 0.00075 0.25 44 17.6 9.4 5.5 1.2 33.7 18% 10.0 3% 
5 WWTP 0.00401 1.01 5 43.9 25.6 7.3 0.7 77.6 14% 18.8 6% 
10 WWTP 0.00401 1.01 10 92.9 38.3 9.9 0.7 141.9 11% 27.0 9% 
20 WWTP 0.00401 1.01 20 104.3 53.4 12.4 0.7 170.8 12% 36.2 12% 
30 WWTP 0.00401 1.01 30 151.3 83.0 17.7 1.0 253.0 12% 55.0 18% 
0 PWN-VLZF 0.00250 0.17 0 0.4 0.4 0.2 0.0 1.0 21% 0.4 0% 
5 PWN-VLZF 0.00250 0.17 5 2.8 6.4 7.5 2.9 19.6 44% 11.6 4% 
10 PWN-VLZF 0.00250 0.17 10 3.2 4.8 5.8 1.4 15.2 38% 8.1 3% 
15 PWN-VLZF 0.00250 0.17 15 3.6 5.1 5.8 1.2 15.8 36% 8.1 3% 
20 PWN-VLZF 0.00250 0.17 20 4.2 7.9 7.6 1.6 21.4 37% 11.2 4% 
0 PWN-MF 0.00213 0.16 0 0.3 0.2 0.1 0.0 0.6 16% 0.2 0% 
5 PWN-MF 0.00213 0.16 5 3.1 5.6 6.0 2.3 17.0 41% 9.5 3% 
10 PWN-MF 0.00213 0.16 10 3.4 4.6 4.2 1.1 13.3 34% 6.5 2% 
15 PWN-MF 0.00213 0.16 15 4.4 6.1 5.4 1.3 17.3 33% 8.4 3% 
20 PWN-MF 0.00213 0.16 20 5.2 7.2 6.0 1.4 19.8 32% 9.4 3% 
PWN-MF 0.00213 0.15 15 35.7 42.6 19.9 3.0 101.2 24% 38.9 13% 
PWN-VLZF 0.00250 0.17 10 35.8 48.6 28.4 5.1 117.9 28% 50.4 17% 
PLFA3 0.00375 0.25 55 101.8 85.3 26.3 3.0 216.4 18% 64.7 22% 
WWTP 0.00401 0.94 50 446.4 119.9 19.4 0.7 586.4 7% 74.0 25% 

























SIXFA10 0.00375 0.77 60 402.7 130.8 25.0 0.9 559.4 8% 83.8 28% 
SRNOM10 0.00375 0.73 60 748.4 152.7 19.0 0.4 920.5 5% 89.4 30% 






Appendix G:Relationship between free Cl2 to Br- ratio and BSF for artificial waters 
 
Figure G 1: The relationship between bromine substitution factor (BSF) and free Cl2 residual: Br- ratio 
for four artificial waters containing different NOM types with 3 mg/L DOC, 0.06 mg/L Br- and 4 mg/L 
NH4+ 
 
Figure G 2: The relationship between bromine substitution factor (BSF) and ratio of free Cl2 residual: Br-







0 50 100 150 200 250 300 350
B
SF











0 10 20 30 40 50 60 70
B
SF
Free Cl2: Br- (mM/mM)
SRHA3+ B30
SRNOM3 +B30
SIXFA3 +B30
PLFA3+ B30
28 SRHA10+B30
SRNOM10 +B30
SIXFA10 +B30
